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Summary 
1. Seven remote sensing based Vegetation Indices (NDSVI, STVI-3, NDVI, Green + 
Red, Red, Land Monitor and STVI-1) were tested for their potential to discriminate 
between “poor” and “good” range condition assessments in Western Australia’s 
pastoral rangelands.  Indices were computed using the Australian Greenhouse Office 
National Carbon Accounting System (AGO NCAS) repository of calibrated Landsat 
TM/ETM+ mosaics.  Discrimination potential was assessed at two levels of 
stratification – station level (identical to the stratification used to collect the traverse 
data), and functional group level (an aggregation of similar land systems);   
2. The Land Monitor and STVI-1 indices had the highest level of discrimination 
summarised over the entire pastoral rangelands.  Average Area Under the Curve 
(AUC) was ca. 0.71 (at the station level) and ca. 0.68 (functional group level).  An 
AUC ≥ 0.7 is considered to provide an acceptable level of discrimination and thus 
provide confidence in adoption of remote sensing. However, none of the indices was 
a panacea, with reliability from either of these two indices approximately 50 per cent 
(at the functional group level) and 60 per cent (at the station level);  
3. The station level of stratification provided higher discrimination and reliability levels 
for all Vegetation Indices tested compared with the functional group level of 
stratification.  All statistics presented in summary points hereafter are therefore based 
on the station level of stratification;  
4. Discrimination potential and reliability rates varied among regions. The Nullarbor 
Plain region had the highest level of discrimination, which was found from the Red 
(AUC=0.82), Green + Red (AUC=0.82) and Land Monitor indices (AUC=0.81), and 
reliability of 100 per cent from the Red and the Green + Red indices at both levels of 
stratification. Use of either of these two Vegetation Indices could therefore be 
implemented in the Nullarbor region with a strong degree of confidence;  
5. Discrimination potential and reliability also varied between neighbouring stations 
within some regions. Therefore confidence in the use of remote sensing is limited to 
specific stations within the Gascoyne region, which had a high level of discrimination 
(AUC = 0.78) from the STVI-1 Vegetation Index for over ca. 72 per cent of stations 
tested, and to the Pilbara and Kimberley regions (AUC = 0.74; STVI-1) which had a 
reliability of ca. 61 and ca. 67 per cent, respectively;  
6. Current data provide little confidence in adopting a remote sensing based approach 
for the majority of the Mid-west region (AUC = 0.64; STVI-1; reliability = 37 per cent) 
and the Wheatbelt-Goldfields region (AUC = 0.61; STVI-1; reliability = 50 per cent) 
regions. However, it should be noted that the sample size was extremely small in the 
latter (N = 2 stations). Further targeted research is required in these areas to 
determine the cause of the low discrimination and, if possible, remediate it;  
7. Maps are provided within this document for all regions of WA to highlight the specific 
stations where a Vegetation Index can or cannot be confidently adopted. 
Furthermore, for all regions, the use of a patch-work of VIs (rather than simply 
adopting any one particular Vegetation Index over a region) significantly increased 
reliability rates.  This implies that a “one-size-fits-all” approach is likely to be too 
inflexible, and the implementation of remote sensing must be adaptable to the area 
under examination. 
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1 Introduction 
Grazing lands held under pastoral leases cover 36 per cent (90 million ha) of Western 
Australia (WA).  Their administration is governed by the Pastoral Lands Board (PLB) of 
Western Australia under the Land Administration Act (1997) (Pastoral Lands Board 2012). 
Assessment and monitoring pastoral (or more broadly “rangeland”) condition is critical for 
ensuring sustainable and legitimate management (Booth and Tueller 2003), and such 
assessments are used by the PLB to make decisions on the potential need for management 
responses. These assessments were previously undertaken by the Department of 
Agriculture and Food, Western Australia (DAFWA) using ground-based traversing along 
existing tracks, but assessments have ceased with the recent change to self-reporting on the 
condition and change in condition by the lessee. DAFWA recognised there were some 
limitations to this type of assessment, including the following: a) traversing does not provide 
evidence of condition at a distance from tracks; b) traverses may be unevenly distributed 
over a station, resulting in a biased assessment (e.g. due to limited access); c) as a 
consequence of a) and b), traversing may not capture the full spatial variation of a pastoral 
lease, and areas with declining in condition that are outside of the sampling design may not 
be observed; and d)  traversing is heavily dependent on operator judgement and skill (Friedel 
and Shaw 1987a,b) and therefore is vulnerable to external criticism. Temporally-based 
remote sensing is often considered to be a logical alternative or adjunct tool for overcoming 
these limitations in part or in full, as it can provide full coverage of an area of interest in a 
quantifiable and repeatable way through space and time (e.g. Booth and Tueller 2003).   
Despite the potential of remote sensing for rangeland condition change assessment 
purposes, it has struggled for decades to emerge from the research arena into a standard 
operational tool. For example, initial work in Australia dates back to the mid-1970s (e.g. 
Graetz et al. 1976) and a plethora of studies have followed (e.g. Graetz and Gentle 1982, 
Graetz et al. 1983, 1988, Wallace and Thomas 1998, Karfs et al. 2000, Karfs and Wallace 
2001, Wallace et al. 2004, 2006, Curry et al. 2008). The general message from these studies 
is that, with the right interpretation, remote sensing methods can add substantial value to 
assessments of rangeland condition and its change; yet anecdotal evidence suggests that 
success rates have been more variable. It would appear that therein is the major obstacle; 
that there is a need to define where remote sensing can be used reliably, and where it can 
not so that users can have confidence in the product.      
The two key requirements for using remote sensing for inferring rangeland condition change 
are to quantify levels of vegetative cover (and its inverse, bare soil) repeatedly, and to 
visualise/ interpret anomalous spatio-temporal patterns. The primary remote sensing tool for 
doing this is generally referred to as the index-trends approach (Wallace and Thomas 1998, 
Wallace et al. 2006). When used in combination with field data, the approach is referred to as 
land cover change analysis (LCCA) (Karfs et al. 2000, 2002). The main appeal of these 
methods has been to provide spatially detailed maps of vegetative cover change that are 
interpretable by land managers and present triggers for ground-based assessment and 
potentially, management responses (Wallace et al. 2006). The data driving either of these 
approaches is a vegetation index (VI). Thus the VI needs to be capable of:  
a) Accurately relating to ground-based condition assessments; 
b) Detecting vegetation that is sparse; 
c) Detecting vegetation that has a low leaf area index;  
d) Detecting vegetation that may be partly or fully senesced; and 
e) Differentiating vegetation from similarly coloured soils. 
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Several vegetation indices have been identified as potentially capable for quantifying 
vegetation cover (and change) in certain areas of the rangelands of Australia. However, 
while some have been found to be generally applicable throughout a wide range of areas of 
contrasting vegetation and soil type (e.g. Land Monitor, STVI-1) (e.g. O’Neill 1996, Jafari et 
al. 2007, Caccetta et al. 2000) it is uncertain if these indices are the best choice for a 
particular area, and the strength of the relationship between them and the perennial 
vegetation at different locations can fluctuate due to a combination of soil colour and 
vegetation composition (or, more generally, the underlying land system) (c.f. Jafari et al. 
2007). Furthermore, most studies to date have been constrained to a relatively small or 
specific geographic area. An important requirement for large scale implementation of this 
technology in WA is to firstly identify if a remote sensing approach is feasible and secondly to 
identify the most appropriate VI (or vegetation indices (VIs)) within stratified zones (e.g. 
station boundaries, functional groups) over the entire pastoral rangelands.   
1.1 Objectives 
Based on the abovementioned key requirements for adopting remote sensing for assisting 
rangeland condition assessments, the objectives of this report are to answer the following 
questions: 
1. Where can remote sensing be used with confidence to assist rangeland condition 
assessments in the WA pastoral zone?; 
2. What vegetation index or indices can be used in these places?; and  
3. How can change be summarised into map form (visualisation)?  
Our general approach for answering Questions 1 and 2 was to stratify existing traverse 
records into various configurations and identify, from a suite of VIs, those that could best 
discriminate between “poor” and “good” condition.  Strata with an insufficient standard of 
discrimination defined the areas where remote sensing is unsuitable for the assessment of 
condition. Spatio-temporal permutation and trend models are described for assisting 
visualisation and a technical guide describing how to implement these models (with the most 
appropriate VI) is provided in Appendix F.   
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2 Vegetation Indices 
An optimal vegetation index (VI) needs to be able to dichotomise vegetative cover and bare 
soil accurately and consistently in a particular landscape (Curry et al. 2008). In practice, 
generic tools for identifying condition and its change over a wide range of areas have applied 
relatively simple VIs that are assumed to provide adequate discrimination between perennial 
vegetation and background soil reflectance (Curry et al. 2008).  However, these VIs may not 
be optimal for a particular area. For example, studies have used the simple visible red band 
(e.g. Graetz et al. 1988, Wallace and Thomas 1998), a summation of the green and red 
bands (e.g. Wallace and Thomas 1998), or a summation of the visible red band and the 
shortwave infrared (Curry et al. 2008). However, whether all or any of these VIs are most 
appropriate and reliable over the entirety of Western Australia’s pastoral leases with varying 
vegetation, soil type and soil colour, is currently unknown. For instance, Richardson (2007) 
reports that the red band could discriminate between cover and bare soil on black soil plains, 
but not on red and lightly coloured soils.   
The majority of the literature utilises Landsat 4, 5 or 7 imagery from TM and/or ETM+ 
sensors; herein referred to as Landsat unless clarification is required) for the purposes of 
rangeland condition assessment due to its long time series (e.g. Landsat 4 was launched 
July 1982), spatial resolution (e.g. 30 m) and currency. Therefore, we restrict our review of 
vegetation indices to these sensors. Table 1 provides references to a cross-section of these 
studies and gives equations. Note that due to the combination of bands used within each 
index, the association of cover and index can be either positive (higher values indicate higher 
cover) or negative (lower values indicate higher cover) (Table 1). The VIs in Table 1 are 
grouped into six types based on the spectral bands they use, and on whether and how they 
attempt to correct for soil background reflectance.   
Slope-based VIs (Table 1) are simple arithmetic combinations of reflectance measurements 
contrasting the high infrared and low red reflectance of photosynthesising vegetation (Jafari 
et al., 2007). One of the most widely used slope-based VIs is the Normalised Difference 
Vegetation Index (NDVI), often ascribed to Rouse et al. (1974). The soil-background 
corrected group of indices (Table 1) are designed to minimise the effects of soil background 
on the vegetation signal by incorporating a constant soil adjustment factor, L, which varies 
with the reflectance characteristics of the soil. The Soil-Adjusted Vegetation Index (SAVI) 
was proposed by Huete (1988) who suggested using an L factor of 1.0 for very low 
vegetation cover, 0.5 for intermediate and 0.25 for high cover.  For L = 0, SAVI is equivalent 
to the NDVI (see slope-based indices; Table1). One disadvantage of the SAVI and the NDVI 
is that they are only sensitive to actively photosynthesising, green vegetation (Marsett et al. 
2006) and therefore have limited appeal if the vegetation is in a stage of senescence or just 
generally lacks the contrast between red and infrared reflectance as is often the case for 
vegetation in arid to semi-arid rangelands, including Australia’s (Jafari et al. 2007). The Soil-
Adjusted Total Vegetation Index (SATVI) is an extension of the SAVI and was developed by 
Marsett et al. (2006) with the view of extracting both senescent and green vegetation (total 
vegetation). The L parameter works in the same way as for the SAVI.   
The PD54 is grouped solely as a distance-based VI and was developed by Pickup et al. 
(1993) from extension of the Perpendicular Vegetation Index (PVI) of Richardson and 
Wiegand (1977). The procedure is based on calculating the perpendicular distance from a 
soil line obtained through linear regression of bare soil sample reflectance values from two 
bands. Pixels close to the soil line are assumed to be soil, while those far away are assumed 
to be vegetation (Thiam and Eastman 2006).  The PD54 originally derived the soil line from 
band 4 (green; x-axis) and band 5 (red; y-axis) of the Landsat Multispectral Scanner (MSS), 
and can be transferred to band 2 (green) and band 3 (red) of Landsat (TM) imagery, 
respectively.   
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Table 1 Summary of vegetation indices used in rangeland monitoring studies classified into six groups 
(see text).  All equations are based on the spectral bands of Landsat TM/ETM+.     
Group Vegetation Index 
Example 
Studies Location Equation
1,2 Magnitude3 
Slope-based NDVI Tucker (1979) Unknown (B4-B3)/(B4+B3) Positive 
Soil-background 
Corrected 
SAVI Washington-
Allen et al. 
(2006) 
Utah, USA [(B4-B3)/ 
(B4+B3+L)]*(1+L) 
Positive 
 SATVI Marsett et al. 
(2006) 
New Mexico; 
Arizona, USA 
((B5-B3)/ (B5+B3+L) 
(1+L)) -(B7*0.5) 
Positive 
Distance-based PD54 Pickup et al. 
(1993) 
Central 
Australia 
B2 v. B3 Positive 
Plant-water 
Sensitive A 
Land Monitor Curry et al. 
(2008) 
Goldfields, 
Western 
Australia 
B3+B5 Negative 
 NDSVI Dean (2005) Northern 
Territory, 
Australia 
(B5-B3)/(B5+B3) Negative 
Plant-water 
Sensitive  B 
STVI-1 O’Neill (1996); 
Jafari et al. 
(2007) 
Western New 
South Wales; 
South 
Australia; 
(B5xB3)/B4 Negative 
 STVI-3 O’Neill (1996); 
Jafari et al. 
(2007) 
Western New 
South Wales, 
South 
Australia 
B4/(B5+B3) Positive 
VIS-only Red Graetz et al. 
(1988) 
South 
Australia 
B3 Negative 
 Green + Red Wallace and 
Thomas (1998) 
Western 
Australia 
B2+B3 Negative 
1  B—Band. 
2  L—Soil adjustment factor on the scale 0–1 (see text).  
3  Positive—higher values indicate higher cover; Negative—lower values indicate higher cover. 
The Plant-water Sensitive A group consists of VIs that utilise the mid-infrared (band 5) as 
well as the red region of the electromagnetic spectrum. The rationale behind these indices is 
that vegetation is expected to have a lower reflectance in both bands than bare, dry soil. The 
Plant-water Sensitive B group also incorporates the near infrared to not only capitalise on 
information relating to chlorophyll (red band) and leaf moisture (mid-infrared), but also leaf 
structure (O’Neill 1996). The VIS-only group of VIs are the most simplistic and only use 
portions of the visible spectrum for discrimination (that is, green and/or red).     
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3 Datasets 
The potential to discriminate between field-based pastoral condition ratings using remote 
sensing-based techniques was tested using archived traverse data and VIs computed from 
the spectral bands of Landsat imagery. Landsat imagery was selected to be as close to 
contemporaneous to the date of traverse as possible from the archive utilised.  These 
datasets are described in more detail hereafter. 
3.1 Traverse Data and Condition Classes 
DAFWA is the government agency responsible for collecting ground-based traverses, which 
are collected and summarised at the pastoral station level of stratification. A pastoral station 
(property or ranch) consists of one or more pastoral leases. Existing tracks are used as 
traverse routes, and a georeferenced assessment of condition is made every 1 km over an 
area with a nominal radius of 50 m. Data collection is generally timed to coincide with the 
region’s dry season to largely ensure that only persistent (perennial) vegetation cover and its 
botanical composition is assessed, as this is the most important indicator of range condition. 
The criteria used to assign an area to a discrete pasture condition rating are summarised in 
Table 2. Assessed range condition can change if plant density changes (more or less bare 
soil), if plant composition changes (more or fewer pastorally desirable species) or if both 
occur. 
To simplify processing, “good” condition and “very good” condition traverse points were 
grouped together as were ““poor” “condition and “very poor”” condition points. Analysis of 
variance (ANOVA) tests revealed that “fair” condition ratings could not be separated from 
either the “good” or “poor” condition sets, depending on location and human interpretation, 
and so were excluded from further analysis (Robinson et al. 2009). 
Table 2 Criteria used to assign a traverse point to a condition rating (adapted from Cotching, 2005). 
Rating Condition Indicators 
Very Good Cover and composition of shrubs, perennial herbs and grasses is near optimal, free of obvious 
reductions in palatable plant species or increases in unpalatable plant species liable to reduce 
production potential. 
Good Perennials present include all or most of the palatable plant species expected; some less 
palatable or unpalatable plant species may have increases, but total perennial cover is not very 
different from the optimal. 
Fair Moderate loses of palatable perennials and/or increases in unpalatable shrubs or grasses, but 
most palatable species still present; foliar cover is less than sites rated as good or very good 
unless unpalatable plant species have increased. 
Poor Conspicuous loses of palatable perennials; foliar cover is either decreased through a general 
loss of perennials or increased by invasion of unpalatable plant species. 
Very Poor Few palatable perennials remain; cover is either greatly reduced, with much bare soil, arising 
from loss of desirable plant species, or has become dominated by a proliferation of unpalatable 
plant species. 
3.2 Landsat Archive 
Rangeland condition monitoring using remote sensing requires a large database of 
retrospective imagery as well as the capacity for data continuity (Wallace et al. 2004). This 
enables the identification of present-day anomalies relative to a retrospective benchmark to 
infer a change in condition. For example, there is little point comparing a year with above 
average pastoral production to a year of drought in isolation. Comparisons also require that 
the imagery is calibrated to a single reference image to avoid, for example, differences due 
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to atmospheric effects (Furby and Campbell 2001). The Australian Greenhouse Office 
National Carbon Accounting System (AGO NCAS) Land Cover program has calibrated 
Landsat TM mosaics that can be used for this purpose (Furby 2002) and the archive is 
updated approximately biennially (every two years). This dataset was used for all tests 
performed herein. These data are archived as mosaics of six spectral bands (omission of the 
thermal band) covering 1:1 million map sheet areas.   
Pastoral Lease Assessment using Geospatial Analysis 
7 
4 Methods 
4.1 Stratification 
Stratification refers to the pooling of traverse records (see Section 3.1) into spatial divisions. 
The aim is to create spatial divisions with a high degree of homogeneity. Previous research 
has stratified at the land system level (e.g. Jafari et al. 2007) and also by land management 
(cadastral) boundaries, such as military bases or the station/ranch (e.g. Washington-Allen et 
al. 2006). However, to our knowledge, conclusions as to which is most appropriate are not 
available. What has been concluded, however, is that the greater the heterogeneity present 
(i.e. higher spectral variation) within the stratification, the weaker the discrimination ability of 
the VI (e.g. Jafari et al. 2007).   
In this study, determination of where remote sensing could be used and which VI or VIs gave 
the most accurate discrimination of condition was tested at two levels of stratification: a) the 
station level; and b) the functional group level (see Section 4.1.2 for an explanation). A 
further subdivision into smaller spatial units was not directly possible due to the limitations in 
the number and location of traverse data. However, the potential to combine these two levels 
of stratification (referred to as “nested stratification”; Section 4.1.3) was explored (see 
Section 4.1.3).  
4.1.1 Station Level 
Field programs use the pastoral station boundary to record and summarise condition ratings 
from track-based traverses as described in Section 3.1. It was therefore considered feasible 
to also stratify by these boundaries. Pastoral stations with fewer than 70 sampled points 
were ignored based on the minimum number of points suggested by Jiménez-Valverde and 
Lobo (2007) for the construction of stable and meaningful Receiver Operating Characteristic 
(ROC) plots (see Section 4.2.2).  Unfortunately, this resulted in the exclusion of over half of 
the pastoral leases of Western Australia, and it was therefore necessary to reconfigure the 
traverse data into functional groups to achieve this minimum sample size.   
4.1.2 Functional Groups 
Broadly defined, functional groups are aggregations of like land systems. A land system is 
defined as a recurring pattern of topography, soils and vegetation. Ninety percent of the 
Western Australian pastoral rangelands have been mapped at the land system scale. 
Initially, land systems were grouped into primary functional groups based on the published 
description of landform, dominant land unit or pasture type and underlying vegetation. Where 
necessary (see Figure 1(a, d–g)), a primary group was split based on over storey 
(wooded/open) and/or grassland type. The conceptual model for the assignment of 110 land 
systems in the Kimberley into 16 functional groups is shown in Figure 1 and further detailed 
in Appendix A1. In the rangelands south of the Kimberley, 444 land systems were classified 
into 45 functional groups as detailed in Appendix A2.   
Additional Stratification by Pastoral Potential 
For each land system DAFWA have determined a pastoral potential rating (for grazing 
animals) based on the optimal quantity of desirable native vegetation and climatic conditions. 
Management practices tend to utilise the moderate or high potential land systems in 
preference to low or very low potential land systems as a high potential land system has the 
capacity to support more stock per unit area in comparison to the same unit area of low 
potential, and the animal nutritional requirements are better met in moderate or high potential 
land systems.   
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It is expected that the proportion of desirable plants to total plants in a moderate to high 
potential land system is higher than that in a low potential land system, therefore it was 
hypothesised that a loss of desirable species (change in condition) may be more noticeable 
(by remote sensing) than the potentially smaller proportional loss in low potential country. 
Based on this hypothesis, fifteen functional groups (2b, 2c, 6, 7a, 12b, 18a, 20b, 21a, 21b, 
22a, 24a and 29b) were further stratified into low and moderate-high pastoral potential.     
 
Figure 1 Conceptual model for the Kimberley functional grouping.  Black open rectangular boxes 
represent the underlying landform, orange open rectangular boxes represent an intermediate separation 
of the landform, and green open rectangular boxes represent the functional group.  Numbers assigned to 
the functional groups can be used to look up further details in Appendix A.   
4.1.3   Nested Stratification for Benchmark Derivation 
Nested stratification refers to using both the station boundary and the functional groups in 
tandem.  This is achieved via the intersection of the two strata, as shown in Figure 2. Nested 
stratification is used when both the functional groups and station strata have an acceptable 
level of discrimination (see Section 4.2.2). Due to the relatively large areas that a functional 
group can occupy and the potential for heterogeneity (e.g. multiple functional groups) within 
a station boundary, this technique was explored for deriving benchmarks at the local level. A 
benchmark is a standard by which condition can be compared and judged (West 1991) and 
can be based on initial conditions, central tendencies (mean, mode or median), percentiles or 
standard deviations from the average (Washington-Allen et al. 2006). In this study, the mean 
vegetation index value of a stratum was used as the benchmark (after Washington-Allen et 
al. 2006).  
Within one functional group, it can be expected that vegetation types, landform and soils are 
in general reasonably similar. However, local variations including station management, the 
location of watering points and fencelines, may affect index values strongly. We 
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hypothesised that the intersection of the two strata (functional groups with the station 
boundary) may assist in accounting for both management at the station level and for the 
underlying land systems.  Moreover, if the means of the VI values between each stratum 
(i.e., station level, functional group level and nested) were significantly different then we 
concluded that the affects of management were too strong to ignore, and that nested 
stratification was required to obtain the appropriate benchmark.   
To test this, VI means of strata were evaluated for a selected number of functional groups 
and leases located on the Nullarbor Plain using ANOVA followed by Tukey’s Honestly 
Significantly Difference (HSD) test. Tukey’s HSD allows the formation of simultaneous 
confidence intervals for all paired comparisons so that differences between means of the 
strata can be compared against a single value (Walpole and Myers 1993). If the difference 
between any two means is larger than this value, they are significantly different at α=0.01.  
All distributions were deemed to be sufficiently normal from visual examination.   
 
Figure 2 Selection of a functional group within a station boundary (nested stratification).  Analysis was 
conducted only on the functional group polygon inside the station boundary.   
4.2 Where Can Remote Sensing Be Used? 
The paramount consideration as to whether remote sensing could be confidently used within 
each stratum was based on whether one or more vegetation indices were able to adequately 
discriminate between condition ratings (“good” vs. “poor”) from existing traverse records. 
Adequate discrimination was evaluated using the area under the curve (AUC) statistic of 
Receiver Operating Characteristic (ROC) plots and is described in more detail in Section 
4.2.2.   
4.2.1 Vegetation Indices Tested 
All of the VIs presented in Table 1 were tested for their ability to discriminate rangeland 
condition ratings (Section 4.2.2) at each stratification level, with three exceptions: It was 
considered too labour-intensive to estimate the L parameter required for both the SAVI and 
the SATVI for all of the leases and functional groups (strata) in Western Australia, and so 
neither were implemented. Similarly, one of the disadvantages of the PD54 index is the need 
to calculate the soil line for each stratum, and so it too was excluded.   
4.2.2 Discriminating Condition Ratings 
ROC analysis was used to determine the ability of each VI for discriminating between “good” 
and “poor” traverse points within strata. Traverse points were transformed into binary (“good” 
= 1, “poor” = 0) format and the pixel value of the VIs were extracted at each of these points 
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and sorted in ascending order. A set of thresholds were defined from the extracted VI values 
as half the distance (in numerical space) between each successive pair. For example, if the 
extracted VI of two successive traverse points (in numerical space) after sorting is 200 and 
220, respectively, then the threshold would be set at 210. At each threshold the true positive 
rate (TPR) and the false positive rate (FPR; see below) was calculated and a ROC plot was 
generated by plotting the FPR (x-axis) against the TPR (y-axis). The formulae for the TPR 
and the FPR are given below (Fielding and Bell 1997, Fawcett 2006):   
nGP
nGP
TPR
i
         (1) 
nPP
nPP
FPR
i
         (2) 
where nGPi is the cumulative number of “good” points at threshold i, nGP is the total number 
of “good” points, nPPi is the cumulative number of “poor” points at threshold i and nPP is the 
total number of “poor” points.    
The ROC plot was then used to generate a summary statistic known as the area under the 
curve (AUC), which is calculated using the trapezoidal rule (Pontius and Schneider 2001). A 
VI that perfectly discriminates between “good” and “poor” condition will have an AUC of 1, 
while a model no better than random chance has an AUC of 0.5 (Fielding and Bell 1997, 
Ayalew and Yamagishi 2005, Fawcett 2006). Based on the ranges proposed by Hosmer and 
Lemeshow (2000), an AUC ≥ 0.7 for any VI tested suggested adequate discrimination and 
provided the answer with statistical confidence for where remote sensing could be utilised. 
Likewise, if all VIs had an AUC less than 0.7 then the area was considered to have 
inadequate discrimination and remote sensing should be avoided using the methods and 
materials described herein.   
4.3 Which Vegetation Index? 
4.3.1 Overall Discrimination Performance 
Summary statistics were used to identify the most accurate VI(s) over the entire range of 
functional groups and stations. Means were compared for significant differences using 
ANOVA (α=0.01). Histograms of AUC values were prepared for each VI for both the station 
and functional group stratification types and classified as shown below, based on the ranges 
proposed by Hosmer and Lemeshow (2000): 
0.0–0.7 Inadequate; 
0.7–0.8 Adequate; 
0.8–0.9 Excellent; and 
0.9–1 Outstanding. 
4.3.2 Reliability of Discrimination 
The discriminating ability between good and poor condition for a VI at a particular stratum 
(station or functional group) can be excellent, but that doesn’t automatically mean that it is 
reliable.  It may perform poorly on similar functional groups in other areas. To this end, a 
metric was calculated for each VI as the percentage of strata with an AUC ≥ 0.7 to indicate 
its reliability (“overall reliability”). 
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4.3.3 Most Accurate VI(s) within each Stratum 
As a general rule, the VI with the highest AUC is potentially the best discriminator of the 
condition classes (Zweig and Campbell 1993). However, as noted by Hanley and McNeil 
(1983), when comparisons between two or more algorithms are required, more formal 
statistical tests are necessary to rule out candidates. To this end we used the approach 
outlined by Hanley and McNeil (1983) for comparing between VIs. In this implementation, we 
compared the AUC of each VI to the VI with the largest AUC using a two-tailed z test and a 
95 per cent confidence interval.  A second reliability metric (“candidate reliability”) was 
computed based on whether the VI was a candidate for implementation (i.e., the AUC was ≥ 
0.7 and was not significantly different to the highest AUC).  To summarise the potential of 
remote sensing over regions using a patch work of VIs, a third reliability metric was 
computed that utilised any VI that had an AUC ≥ 0.7 (“multiple VI reliability”).    
4.4 Visualising Condition Change 
4.4.1 Spatio-Temporal Permutation Modelling 
The value of a VI for a particular pixel may vary in time due to climate, fires or change in 
condition due to grazing pressure. To account for variations not caused by condition, a 
benchmark can be used to determine a relative pixel value. A change in the relative value 
over time may indicate a change in condition as the benchmark will go through similar 
changed caused by external factors. 
Spatio-temporal permutation models (STPM) are attractive for testing whether pixels exceed 
an expected value or benchmark, and are considered to be easy to understand and interpret 
(Robertson et al. 2010). The main appeal for adopting this approach was to differentiate 
between areas that appear to be resistant to change (constantly in “poor” or ”good” condition) 
from those that are transient, thus providing a trigger for further, potentially ground-based, 
assessment.   
Only areas that had an adequate level of discrimination (i.e. AUC≥0.7) at both the station and 
function group level were used. The STPM was conducted at the pixel level using nested 
stratification. Each individual pixel was recoded relative to its position in relation to the mean 
of the nested stratum (herein referred to as the benchmark) at each temporal point. If a pixel 
had a cover level less than the benchmark it was initially recoded “P” (“poor”) and a pixel with 
a VI value higher than the benchmark was recoded “G” (“good”) (note this was switched for 
negative VIs) (Figure 3). Transitions occur when the VI value of a pixel exceeds or falls 
below the benchmark in a subsequent time period. To keep the level of classes 
(permutations) manageable, the STPM was restricted to three time periods: T1 = the 
beginning of the sequence of imagery (analyst’s choice); T2 = centred between T1 and T3; 
and T3 = the most recent image available. Thus eight permutations (23) are possible (Figure 
4), allowing identification of static, fluctuating, declining and improving pixels through time. To 
handle any potential non-stationarity (stochastic trend) in the time series the benchmark 
should be recalculated for each temporal point used.   
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Figure 3 Binary recoding of pixels within each stratum to a condition class based on the mean (“the 
benchmark”) at each temporal point (image).  
The STPM model can provide various clues with respect to management effects. For 
example, a change from “good” condition to “poor” condition (e.g. GPP, Figure 4) may 
suggest, for instance, that an area has been overgrazed. An area showing such a transition 
is shown in Figure 5 from 1998 to 2009, and by the purple areas in Figure 6a. Transitions 
from a “poor” state into a “good” state (e.g. PGG, Figure 6a) may suggest that the area 
has been better managed (e.g. recovery due to reduced stocking rates or wholesale 
destocking). Ideally, with correct management, pixels identified to be in “good” condition 
(above the expected benchmark) should not transition into the “poor” condition class and 
pixels in “poor” condition should show improvement by transitioning into the “good” condition 
class. However, the latter requires careful interpretation, as perceived recovery can in fact be 
the result of invasion by a non-desirable species (increased cover (less bare soil) but no 
change in assessed range condition). The most important trigger for further investigation are 
those pixels that have shown decline (e.g. GPP; and GGP), as they have vegetative 
cover lower than their historical potential (and the benchmark). 
 
Figure 4 Spatio-temporal permutation model (STPM) for three temporal image points (T1-T3) showing 
eight possible permutations.  G=pixels with vegetative cover above the benchmark for that temporal 
image point.  P=pixels with vegetative cover below the benchmark for that temporal image point.   
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Figure 5 An example of a change from “good” condition to “poor” condition over two time periods (1998 
to 2003; 2003 to 2009) resulting in a loss of plants, grasses and topsoil and large scale wind and water 
erosion by 2009.   
4.4.2 Trend Composites 
The main advantage of the STPM model is that it can be interpreted relative to a benchmark.  
However, a disadvantage is that a pixel above the benchmark that is in a state of decline will 
not be recognised as declining until it crosses the benchmark. This limits its ability as an 
early warning system. Similarly, pixels that are below the benchmark, but improving, will not 
be recognised as improving until they cross the benchmark. Trend composites are the basis 
of the VegmachineTM1 software and are used here to add efficacy to the STPM model. The 
trend composite is created by computing the linear trend and the curvature (quadratic 
component) using orthogonal polynomial coefficients (Draper and Smith 1998).  The 
orthogonal polynomial coefficients are provided in Appendix B.  
For display purposes, three layers were created to display positive and negative trends and 
curvature. For the first layer showing a positive trend, all negative values were set to zero. 
For the second layer showing the negative trend, all positive values were set to zero. For the 
third layer showing curvature, all negative values were set to zero. The layer with positive 
trends was assigned to the blue channel, the layer with negative linear trends to the red 
channel and the layer displaying positive curvature was assigned the green channel. 
However, it should be noted that for negative VIs, negative linear trends are assigned the 
blue channel (as it denotes an increase in the VI), positive linear trends the red channel (as it 
denotes a decrease in the VI) and negative curvature was assigned the green channel (as it 
denotes a recent increase in the VI). The output colours can be interpreted as per Table 3, 
while Figure 6 (b) provides an annotated sample output. An additional advantage of trend 
                                               
1  Vegmachine is a trademark of CSIRO Australia.  The Vegmachine software was developed by 
CSIRO in partnership with state governments and funded by Meat and Livestock Australia. 
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composites is the ability to use all of the information within the time series, rather than only 
three temporal points. When the STPM and the trend composite are used together it is 
possible to rapidly identify the expected condition and whether it is increasing, decreasing or 
remaining static. See Figure 6 for an example.  
 
 
Figure 6  (a)Example of a spatio-temporal permutation model (STPM) showing the eight possible 
permutations over three temporal image points; (b) Example of a trend composite with annotated 
interpretations.  
Table 3 Interpretation of the colours associated with a trend composite. 
Colour Interpretation Colour Interpretation 
Red Loss Yellow/orange Recent gain, but overall loss 
Blue Gain Cyan Recent gain, and overall gain 
Green Recent gain Black No movement 
White/Magenta Not possible   
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5 Results 
5.1 Where Can Remote Sensing Be Used? 
Maps showing the locations where discrimination between “poor” and “good” condition was 
adequate (AUC ≥ 0.7) or not adequate (AUC < 0.7) (based on the standards proposed by 
Hosmer and Lemeshow (2000)) are shown in Appendix C for both the functional group and 
station level stratification types. These maps are also coded according to the VI with the 
highest average discrimination ability (i.e., highest AUC; defined in more detail in the 
following sections).  It should be noted that where the Land Monitor index was the most 
accurate VI, or was not significantly different to the other candidates, a choice was made to 
assign Land Monitor to that stratum.  In all other cases, the VI with the highest AUC was 
assigned.   
5.2 Which Vegetation Index? 
5.2.1 Overall Discrimination Performance 
Table 4 gives the summary statistics of the AUC summarised over all stations and functional 
groups in ascending order of predictive ability based on the mean. The VIs with the highest 
potential for discriminating between “poor” and “good” traverse records, on average, were the 
STVI-1 (mean AUC = 0.68–0.71) and Land Monitor (mean AUC = 0.68–0.70) irrespective of 
stratification type (Table 4). These were also the most reliable VIs irrespective of stratification 
type, and were capable of adequate discrimination on approximately half of the functional 
groups and 60 per cent of the stations tested (Table 4).  
The worst performing VIs, on average, were the NDSVI (mean AUC = 0.54) (Table 4) the 
STVI-3 (mean AUC = 0.59–0.60) (Table 4) and the NDVI (mean AUC = 0.63–0.65), which 
were significantly poorer (α = 0.01) than the other four VIs tested, with NDSVI also being 
significantly poorer than STVI-3 and NDVI regardless of stratification type (Table 4). The 
order of discriminatory ability (i.e. mean AUC) and overall reliability of the VIs did not change 
with respect to stratification type. The mean, median and reliability measures were all slightly 
higher for the station level stratification regardless of VI and had stronger discrimination 
ability in the outstanding class (0.9–1) than the functional groups (Figure 7a,b).   
5.2.2 Most Accurate VI(s) within each Stratum 
Functional Groups 
Results of the comparison between VIs for each functional group are presented in Appendix 
D. Discrimination was possible (AUC ≥ 0.7) on up to 37 of the 65 (56.9 per cent) functional 
groups tested.  Where discrimination was possible, the STVI-1 and Land Monitor VIs 
provided the highest levels of discrimination on 31 (83.8 per cent) of them.  Functional group 
7a_l was best discriminated using the Green + Red VI and five other functional groups (2b_l, 
11_l, 12b_m, 13_l and 22b_m) were best discriminated using NDVI.   
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Table 4 Summary statistics of the AUC for the seven VIs at the two levels of stratification (station and 
functional group) sorted in ascending order based on the mean. 
Stratification Level VI N1 Min Max Mean2 Median Std Dev Overall 
Reliability3 
Station  NDSVI 176 0.01 0.94 0.54c 0.55 0.18 19.9 
STVI-3 176 0.16 0.96 0.60b 0.60 0.17 35.2 
NDVI 176 0.11 0.94 0.65b 0.67 0.14 36.9 
Green + Red 176 0.03 1.00 0.67a 0.69 0.16 48.3 
Red 176 0.02 1.00 0.67a 0.69 0.16 50.0 
Land Monitor 176 0.08 1.00 0.70a 0.72 0.16 59.7 
STVI-1 176 0.07 0.99 0.71a 0.73 0.15 60.8 
Functional Group  NDSVI 65 0.05 0.80 0.54c 0.54 0.13 7.7 
STVI-3 65 0.27 1.00 0.59b 0.60 0.13 15.4 
NDVI 65 0.32 0.83 0.63b 0.64 0.11 27.7 
Green + Red 65 0.29 0.85 0.65a 0.66 0.13 35.4 
Red 65 0.29 0.86 0.65a 0.68 0.13 38.5 
Land Monitor 65 0.31 0.89 0.68a 0.69 0.13 48.0 
STVI-1 65 0.31 0.94 0.68a 0.70 0.12 50.8 
1  Number of stations or functional groups that the summary statistics are drawn from. 
2  Different letters within the column represent significantly different means (α = 0.01). 
3  Percentage of strata with an AUC ≥ 0.7. 
Station Level 
Appendix E presents AUC values for each of the stations studied, grouped into regions of 
Western Australia for ease of access and cross-referencing with the associated maps 
(Appendix C). For the most part the VI selected at the station level of stratification 
corresponded with the VI chosen at the functional group level of stratification. However, there 
were some exceptions including areas where: 
a) The functional groups had sufficient discrimination but the station did not (e.g., Mt. 
House Station, Glenroy Station, Mardie Station (Appendix C));  
b) The station had sufficient discrimination but the functional group did not (e.g., 
Kimberley Downs Station, Lansdowne Station (Appendix C)); and 
c) The VI with the highest discrimination potential differed between the two stratification 
types (e.g., Nicholson Station (Appendix C)).   
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Figure 7 AUC statistic for each of the vegetation indices tested based on station level stratification (a); 
and functional group level stratification (b).   
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To simplify discussion of the results, Table 5 summarises the AUC values at the station level, 
aggregated by region. Similar to the functional groups, Land Monitor, Red and Green + Red 
gave the most discrimination over the Nullarbor Plain. However, contrary to the functional 
group level of stratification, at this level of stratification the STVI-1 index had significantly 
weaker discrimination than the VIS-only group (Red and Green + Red) on 10 of the 18 
stations studied. Furthermore, Land Monitor had significantly weaker discrimination than the 
VIS-only group on 2 of the 18 stations. The best VIs for this region, at the station level, were 
therefore Red and Green + Red, which were capable of discrimination on all of the stations 
(and functional groups) examined. The poorest indices over this region were those 
incorporating the near-infrared band, particularly STVI-3. For all other regions the Land 
Monitor and/or the STVI-1 indices had the highest mean AUC and reliability coupling except 
for the Kimberley region where STVI-3 was not significantly different from these two indices 
in terms of the mean AUC and reliability (Table 5).  However, discrimination and reliability 
levels were very low throughout the Mid-west, Wheatbelt-Goldfields and marginal in the 
Pilbara and Kimberley regions irrespective of the VI trialled (Table 5). Reliability increased 
slightly throughout the Kimberley, Pilbara, and Mid-west regions when multiple VIs were 
used to form the reliability metric and considerably in the Gascoyne region (Table 5).   
Table 5 Summary statistics of the AUC for the seven VIs at the station level of stratification summarised 
by the regions of WA.   
Region VI  
N1 
 
Min 
 
Max 
 
Mean2 
 
Median 
 
Std 
Dev 
Candidate 
Reliability3 
Multiple VI 
Reliability 4 
Nullarbor NDSVI 18 0.62 0.94 0.79b 0.80 0.09 50.0 100.0 
 STVI-3 18 0.16 0.79 0.40d 0.36 0.17 5.5  
 NDVI 18 0.47 0.85 0.70c 0.71 0.10 16.6  
 Green + Red 18 0.72 0.93 0.82a 0.82 0.06 100.0  
 Red 18 0.71 0.94 0.82a 0.82 0.06 100.0  
 Land Monitor 18 0.71 0.94 0.81a 0.81 0.07 88.8  
 STVI-1 18 0.65 0.93 0.77b 0.76 0.08 44.4  
Kimberley NDSVI 52 0.17 0.79 0.42c 0.38 0.15 3.8 75.0 
 STVI-3 52 0.35 0.96 0.69a 0.73 0.14 65.4  
 NDVI 52 0.29 0.80 0.65b 0.68 0.13 44.2  
 Green + Red 52 0.23 0.90 0.63b 0.66 0.15 34.6  
 Red 52 0.23 0.90 0.63b 0.66 0.15 36.5  
 Land Monitor 52 0.31 0.93 0.68a 0.71 0.15 57.7  
 STVI-1 52 0.32 0.92 0.70a 0.74 0.15 67.3  
Pilbara NDSVI 26 0.01 0.83 0.53c 0.58 0.20 30.8 76.9 
 STVI-3 26 0.18 0.93 0.64b 0.65 0.19 30.8  
 NDVI 26 0.11 0.94 0.65b 0.67 0.20 42.3  
 Green + Red 26 0.03 0.90 0.65b 0.71 0.23 57.7  
 Red 26 0.02 0.93 0.67b 0.72 0.24 68.7  
 Land Monitor 26 0.08 0.94 0.70a 0.74 0.23 65.5  
 STVI-1 26 0.07 0.95 0.71a 0.74 0.22 61.5  
 
1  Number of stations with ≥ 70 traverse points within the region. 
2  Different letters within the column represent significantly different means (α = 0.01). 
3  Percentage of stations with ≥ 70 points, an AUC ≥ 0.7 and were not significantly different to the highest AUC. 
4  Percentage of stations with ≥ 70 points, where at least one of the VIs tested had an AUC ≥ 0.7. 
(continued) 
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Table 5 Summary statistics of the AUC for the seven VIs at the station level of stratification summarised 
by the regions of WA.  (continued) 
Region VI  
N1 
 
Min 
 
Max 
 
Mean2 
 
Median 
 
Std 
Dev 
Candidate 
Reliability3 
Multiple VI 
Reliability 4 
Gascoyne NDSVI 29 0.27 0.86 0.62c 0.62 0.14 10.3 86.2 
 STVI-3 29 0.28 0.87 0.63c 0.65 0.16 31.0  
 NDVI 29 0.39 0.92 0.72b 0.73 0.11 44.8  
 Green + Red 29 0.38 1.00 0.73b 0.74 0.15 51.7  
 Red 29 0.41 1.00 0.74a 0.76 0.14 65.5  
 Land Monitor 29 0.47 1.00 0.76a 0.77 0.14 69.0  
 STVI-1 29 0.52 0.99 0.78a 0.77 0.12 72.4  
Mid-west NDSVI 49 0.35 0.86 0.55b 0.55 0.12 8.2 51.0 
 STVI-3 49 0.17 0.76 0.54b 0.55 0.12 2.0  
 NDVI 49 0.33 0.85 0.58b 0.57 0.10 2.0  
 Green + Red 49 0.37 0.91 0.62a 0.62 0.12 22.4  
 Red 49 0.36 0.92 0.63a 0.64 0.12 24.5  
 Land Monitor 49 0.39 0.92 0.64a 0.66 0.12 36.7  
 STVI-1 49 0.32 0.92 0.63a 0.66 0.12 36.7  
Wheatbelt- NDSVI 3 0.44 0.62 0.53c 0.53 0.13 0.0 50.0 
Goldfields STVI-3 3 0.54 0.61 0.58a 0.58 0.05 0.0  
 NDVI 3 0.43 0.67 0.56b 0.56 0.16 0.0  
 Green + Red 3 0.46 0.69 0.58b 0.58 0.16 0.0  
 Red 3 0.46 0.68 0.57b 0.57 0.16 0.0  
 Land Monitor 3 0.49 0.71 0.60b 0.60 0.16 50.0  
 STVI-1 3 0.50 0.72 0.61b 0.61 0.16 50.0  
1  Number of stations with ≥ 70 traverse points within the region. 
2  Different letters within the column represent significantly different means (α = 0.01). 
3  Percentage of stations with ≥ 70 points, an AUC ≥ 0.7 and were not significantly different to the highest AUC. 
4  Percentage of stations with ≥ 70 points, where at least one of the VIs tested had an AUC ≥ 0.7. 
Table 6 provides a comparison of the means of the Land Monitor VI for the three stratification 
types described in Section 4.1 for five pastoral stations on the Nullarbor Plain in south-
eastern WA. Averages differed markedly for all three stratification types. When compared 
against the 13 nested strata tested, the station level mean differed for seven, and the 
functional group mean differed for nine. Furthermore, the nested stratification appears to 
result in significantly more homogenous units in comparison to the standard deviation of the 
corresponding functional groups (nine out of 13 functional groups had a higher standard 
deviation than the nested stratification, Table 6) and the station level stratification (the 
stations had a higher standard deviation for 11 of the 13 functional groups nested within the 
station).   
  
Pastoral Lease Assessment using Geospatial Analysis 
20 
Table 6  A comparison of the means of the Land Monitor index for the three different stratification types.  
Station 
Name Stratification
1 Mean2 Std Deviation Comments 
Kinclaven 19bfg 
19bn 
19dfg 
19dn 
Station 
201.91a 
210.73a 
239.64b 
244.14b 
231.13c 
30.92 
29.11 
29.73 
36.30 
37.37 
Functional group means not significantly different 
to nested stratification means. 
Stations mean significantly different to all other 
means. 
Koonjarra 19afg 
19an 
19bfg 
19bn 
Station 
222.45a 
231.30b 
201.91c 
211.70d 
213.61d 
33.76 
22.63 
30.92 
25.60 
29.10 
Functional group means significantly different to all 
corresponding nested stratification means. 
Stations mean not significantly different to 19bn. 
Variances significantly lower for both nested strata 
tested than both functional group and station level 
stratification.   
Gunnadorah 19afg 
19an 
19bfg 
19bn 
19dfg 
19dn 
Station 
201.87a 
260.42c 
201.91a 
246.06bc 
239.64b 
256.58c 
246.06bc 
32.71 
14.4 
30.92 
33.76 
29.73 
21.33 
29.95 
Functional group means significantly different to all 
corresponding nested stratification means. 
Stations mean not significantly different to 19bn 
and 19dn. 
Variances significantly lower for nested strata 
(19an and 19dn) than both functional group and 
station level stratification (with the exception of 
19bn) 
Vanesk 19afg 
19an 
19bfg 
19bn 
19dfg 
19dn 
Station  
222.45a 
238.04c 
201.91b 
215.74a 
239.64c 
228.89ac 
225.09a 
33.76 
17.66 
30.92 
42.26 
29.73 
18.42 
32.89 
Functional group means significantly different to 
corresponding nested stratification means 19an 
and 19bn.   
Stations mean not significantly different to 19bn 
and 19dn. 
Variances significantly lower for nested strata 
(19an and 19dn) than both functional group and 
station level stratification (with the exception of 
19bn) 
Balladonia 19dfg 
19dn 
19bfg 
19bn 
19cfg 
19cn 
Station  
201.87a 
189.57d 
201.91a 
188.58b 
164.32c 
159.98c 
172.49e 
32.73 
17.71 
30.92 
20.56 
24.71 
25.88 
27.29 
Functional group means significantly different to 
corresponding nested stratification means 19bn 
and 19an.   
Stations mean was significantly different to all.  
Variances significantly lower for nested strata 19bn 
and 19an.   
 
1  Numbers and letters preceding subscripts (e.g. 19a) refer to the functional group (see also Appendix A2). 
Subscript “fg” refers to the functional group over the entire area; subscript “n” refers to the functional group 
when nested within a station boundary. Station refers to the station-level of stratification.  
2  Mean of the Land Monitor VI. Different letters within the column represent significantly different means 
(α=0.01). 
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6 Discussion and Recommendations 
The uptake of remote sensing for the purposes of pastoral rangeland condition assessment 
has been slow. Through the duration of this research it was evident that there are two 
schools of thought: a) those who have unwavering confidence in Landsat derived products 
and wish to use them at every opportunity; and b) those that have been delighted when the 
product works, but the variability of results has left them less confident that a single standard 
tool can be implemented at any location they desire. Our core objective was to address both 
schools of thought, and quantify the areas throughout the pastoral rangelands where remote 
sensing could be implemented with a certain degree of confidence. The following discusses 
the discrimination performance of the tested vegetation indices, and notes that for selected 
landscapes remote sensing can and should be adopted. However, there still remain more 
challenging areas that need further research and, potentially, advanced techniques and 
imagery to discriminate between good and poor condition.   
6.1 The Discrimination Potential and Reliability of the VIs 
6.1.1 Overall 
The STVI-1 offered the highest average discrimination potential (AUC = 0.68–0.70, 
depending on stratification type) of the condition classes (“good” and “poor”) obtained from 
field-based traverse and also the most reliability (50.8–60.8 per cent). The Land Monitor 
index had very similar discrimination potential (AUC = 0.68–0.70) and reliability (48.0–59.7 
per cent). Previous studies had indicated that the STVI-1 is one of the most appropriate 
indices for mapping vegetation over contrasting land systems (e.g. Jafari et al. 2007) in the 
semi-arid rangelands of Australia (e.g. O’Neill 1996). The Land Monitor index forms the basis 
of the VegmachineTM trend visualisation software, and has been used in several studies with 
apparent success (e.g. Wallace et al. 2004, 2006, Curry et al. 2008). Their reliability over the 
stations and functional groups suggest that these indices are the least sensitive to variations 
in vegetation, soil type and soil colour of the VIs tested in this study. Nonetheless, the ability 
to only reliably discriminate ca. 50 per cent (STVI-1) of the functional groups and ca. 60 per 
cent (STVI-1) of the stations tested is underwhelming, and may explain some of the 
impediment to universal adoption of remote sensing technology for these kinds of 
applications.    
The least accurate and least reliable indices were the NDSVI, STVI-3 and NDVI. The NDVI 
has already been widely criticised as a useful index for use in the semi-arid regions of 
Australia and elsewhere for these purposes (e.g. O’Neill 1996, Marsett et al. 2006, Jafari et 
al. 2007) and this study further confirms that finding. This criticism has been the result of the 
NDVI’s inability to quantify vegetation that is anything but green. The STVI-3 has been found 
to be strongly correlated to the NDVI (O’Neill 1996) and therefore may have been generally 
ineffective for the same reasons. However, there are some stations and functional groups 
that show NDVI or STVI-3 to have the best discrimination levels, particularly throughout the 
Kimberley and Pilbara. Given their relatively low success rates elsewhere, these anomalous 
findings require further critical evaluation and explanation. One hypothesis is the result is a 
consequence of ephemeral greening from unseasonable rainfall. A second hypothesis, which 
was not explored in this research, is the size of the station/functional group and the 
heterogeneity of the land systems within the strata.  Jafari et al. (2007) report that when 
tested over an entire Landsat scene (approximate scene size is 170 km north-south by 183 
km east-west) comprising of ten land systems, the highest correlations with combined plant, 
plant litter and cryptogram cover was with the NDVI, leading them to conclude that NDVI is a 
useful VI for general cover monitoring regardless of more localised soil and vegetation 
variation.  This generalisation is most likely linked to the effect of scale, which is described in 
Section 6.2.  
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The NDSVI had the poorest discrimination average and reliability of all of the VIs tested. 
Marsett et al. (2006) noted that the NDSVI is sensitive to soil background reflectance, which 
led to them revising the NDSVI and creating the soil-adjusted total vegetation index (SATVI).   
6.1.2 The Nullarbor Plain 
The Nullarbor Plain was somewhat unique to the other regions of WA and so deserves 
additional discussion.  Firstly, average discrimination as found from the AUC statistic was 
“excellent” based on the classes proposed by Hosmer and Lemeshow (2000) for both the 
Red index and the Green + Red index (average AUC = 0.82). Secondly, the reliability of both 
of these indices was 100 per cent at the station level of stratification. This finding is 
significant as it opens the door to an enormous range of image sources for this area, 
including archived high resolution colour aerial photography and higher spatial resolution 
satellite data from, for example, ALOS and SPOT-5 (10 m), and ASTER (15 m). The Red 
index also provided adequate discrimination in an area to the east of the stations examined 
in an earlier study by Graetz et al. (1988) and the green, red and mid-infrared (band 5) was 
also found to relate well to chenopod shrubs (e.g. perennial saltbush; also see below) in New 
South Wales (O’Neill 1996). Due to this discrimination, the PD54, which is a distance based 
index, derived using the red and green bands (Pickup et al. 1993), although not tested, may 
also provide useful discrimination as also found by O’Neill (1996). In contrast to O’Neill 
(1996) we could not conclude that the STVI-1 was one of the most appropriate VIs for this 
region from the candidates tested. 
The poorest performing VI over the Nullarbor Plain was the STVI-3. The dominant perennial 
plants in this region are from the Chenopodiaceae family, most of which are notoriously 
difficult to detect with near infrared based indices, particularly when grey in colour (e.g. 
O’Neill 1996). Furthermore, the soils in this region are regularly covered with a microphytic 
crust that inflates the near infrared reflectance. Consequently, areas of bare soil that have 
been given a “poor” condition rating due to a lack of perennial shrubs may still have an 
inflated near infrared response from the photosynthetic properties of the crusts (O’Neill 
1996), and this effect would be particularly pronounced by VIs that use the near infrared 
band in the numerator of the equation (as STVI-3 does).    
6.1.3 Other Regions 
The overall discrimination reliability of ca. 50–60 per cent (Section 6.1.1) does mask the fact 
that some regions were more encouraging for the application of remote sensing than others. 
As mentioned in Section 6.1.2, the Nullarbor had a 100 per cent reliability and excellent 
discrimination. Approximately 86 per cent of the stations throughout the Gascoyne were also 
discriminable (multiple VI reliability measure). The Kimberley and Pilbara regions had 
adequate discrimination (AUC = 0.70–0.71; STVI-1) but lower reliability (ca. 75 per cent; 
multiple VI reliability measure). The regions with the poorest level of discrimination were the 
Mid-west (AUC = 0.66; STVI-1) and the Wheatbelt to Goldfields (AUC 0.61; STVI-1), with 
correspondingly low levels of reliability (ca. 50 per cent; multiple VI reliability measure). 
However, it should be noted that the sample size for the Wheatbelt to Goldfields was 
extremely small and therefore the statistics are not conclusive and needs further testing 
(number of stations = 2).  
6.2 Stratification and the Modifiable Areal Unit Problem 
The two different stratification types produced six possible scenarios as shown in Table 7. 
Differences in discriminating ability of VIs at the station and functional group levels of 
stratification (scenarios 2-6) are most likely to be the result of aggregating data into the larger 
area functional groups causing a smoothing of the local spatial variation. The differences 
between means at the nested level of stratification further illustrate this point. This problem is 
commonly referred to as the Modifiable Area Unit Problem (MAUP) (Openshaw 1984). In 
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general, aggregation introduced bias (Malczewski 2000). Ideally therefore, discrimination of 
condition ratings should be tested for at smaller spatial units, such as the land unit or land 
system. However, this would require a significant effort in terms of field validation data. The 
best option currently appears to be nested stratification, which provides the smallest possible 
aggregation that can be achieved with a known level of confidence (gauged from the two 
higher-level strata). For similar reasons, the land system has been the stratification method 
of choice for the image-based grazing-gradient approach that has been implemented in 
northern South Australia by Bastin et al. (1998). The main scenario to avoid is where the 
functional group suggests adequate discrimination, yet this is not achieved at the station 
level of stratification (see “scenario 5”, Table 7). This is the classic case of the scale problem 
described by Openshaw (1984), where the larger aggregated units are less affected by local 
scale heterogeneity. One example of this occurring was on Mardie Station. The underlying 
functional group suggested discrimination was possible; however, Mardie Station is well 
known to be heavily invaded by Prosopis spp. (an undesirable woody weed) (e.g. Robinson 
et al. 2010) resulting in high cover levels but correspondingly “poor” condition ratings.   
Table 7 Six possible scenarios with two aggregation (i.e. stratification) levels, station and functional 
group, with an example, a suggested cause and recommendations for each.   
Scenario Functional Group level  Station level Example Suggested Cause1 
Suggested 
Action 
1 Discrimination from VI “X” Discrimination 
from VI “X” 
Kinclaven 
Station 
 Proceed with 
Remote Sensing  
2 Discrimination from VI “X” Insufficient Data Balgair Station  Proceed with 
Remote Sensing 
using the 
functional group 
within the 
station 
3 Part of station 
discriminable from VI “X” 
Discrimination 
from VI “X” 
Gogo Station MAUP Proceed with 
Remote Sensing 
using the 
functional group 
within the 
station 
4 Discrimination from VI “X” Discrimination 
from VI “Y” 
Nicholson 
Station 
MAUP Proceed only if 
“X” or “Y” are 
Red/ Green + 
Red (Nullarbor 
Plain) or STVI-
1/Land Monitor 
(elsewhere) 
5 Discrimination from VI “X” Inadequate 
discrimination 
Mardie Station MAUP Avoid 
6 Inadequate discrimination Discrimination 
from VI “X” 
Ivanhoe Station MAUP Proceed at the 
station level of 
stratification 
1  MAUP = Modifiable Areal Unit Problem 
6.3 Poor Discrimination and Spatial Resolution Issues 
This study did not seek to explain why discrimination was poor in some areas and this should 
form the basis of future studies. A very likely reason in some areas (e.g. the Murchison 
region) is over storey (e.g. mulga) domination of the reflectance of a 30x30 m pixel. To test 
this hypothesis, higher resolution imagery with the same or better spectral resolution is 
required. While such imagery is unlikely to be cost effective in the immediate future, proof of 
concept is required urgently. SPOT-5 imagery would potentially be the most appropriate for 
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matching the spectral resolution of Landsat with improved spatial resolution (e.g. 10m VIS 
and 20 m SWIR).     
A further possible explanation of poor discrimination comes from the criteria for range 
condition assessment used by DAFWA. As outlined in Section 3.1 (Table 2), a change in 
range condition can be a consequence of a change in soil cover or a change in species 
composition. Therefore, an assessed decline in range condition as outlined in Section 4.4.1 
(e.g. GPP; and GGP) may be associated with almost no change in soil cover, but a 
significant change in botanical composition (e.g. the replacement of pastorally desirable 
perennial grasses (Chrysopogon and Astrebla species among others) with pastorally 
undesirable (limited stock palatability) grasses such as species of Aristida in Kimberley and 
Pilbara grasslands). Therefore, while the field assessment will have recorded a decline in 
range condition from “good” to “poor” in these situations, the capacity of this change to be 
discriminated by any of the VIs would be limited, as reflectance from desirable perennial 
grasses will have been replaced by reflectance from undesirable perennial grasses. While 
this is important in the ‘scale’ problem discussed in Section 6.2 above, it is also a more 
generic problem. This assists in explaining the excellent results achieved on the Nullarbor 
Plain. In this case, there is virtually no overstorey and a change in range condition on the 
Nullarbor Plain is almost totally associated with a change in species size and density 
(change in soil cover), and almost no change in species composition. 
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7 Conclusions 
The ability to discriminate field-based condition assessments using remote sensing was 
quantified over the pastoral rangelands of Western Australia. In general, the most suitable 
and reliable vegetation indices were Land Monitor and STVI-1. The Red and Green + Red 
VIs provided excellent discrimination power and reliability over the Nullarbor Plain. The STVI-
3 and NDSVI were generally poor discriminators. Maps have been constructed showing the 
appropriate vegetation index to implement at both the station level of stratification and the 
functional group level. These maps also identify which areas are not conducive to remote 
sensing using the materials (e.g. Landsat TM) and methods (e.g. vegetation indices) adopted 
for this study. This study found that, irrespective of stratification type, no vegetation index 
could discriminate > ca. 50 per cent of the functional groups and > ca. 60% of the stations 
tested over the pastoral rangelands. However, there appears to be great potential for the use 
of remote sensing-based condition monitoring throughout the Nullarbor and Gascoyne areas 
and moderate potential in the Pilbara and Kimberley regions. The poorest discrimination and 
reliability was throughout the Mid-west and Wheatbelt-Goldfields regions, however, the 
sample size of the latter was too small to draw definitive conclusions. A targeted study is 
recommended to better understand the limitations and potentially identify options to 
discriminate “poor” from “good” condition.   
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Appendix A: Land systems within functional groups 
Table A1 Kimberley Region of Western Australia 
Functional 
Group 
Functional Group 
Description 
Land system Area 
(ha) 
Traverse points 
Good Poor 
1a Hills and ranges with 
open woodland 
Burramundi, Clifton, Elder, Forrest, 
Headley, Looingnin, Lubbock, 
Pompey, Precipice, St George, 
Wickham 
2,273,216 495 317 
1b Hills and ranges 
woodland 
Buldiva, Dockrell, Pinkerton, Weaber 2,678,414 374 36 
2a Hills - lowlands -
undulating plains - 
woodlands spinifex grass 
Fork, Foster, Franklin, Karunjie, 
Macphee, Pago, Ruby 2 
1,799,806 283 57 
2b Hills - lowlands -
undulating plains - 
woodlands tussock grass 
Antrim, Barton, Dinnabung, 
Kennedy2, Napier 
1,139,451 452 138 
2c Hills - lowlands -
undulating plains - open 
woodlands spinifex grass 
Bohemia, Cockburn, Cowendyne, 
Frayne, Geebee, Koongie, Margaret, 
Neillabublica, Pigeon, Richenda, 
Rose, Tableland, Texas, Windjana, 
Winnecke 
3,275,204 1469 780 
2d Hills - lowlands -
undulating plains - open 
woodlands tussock grass 
Amy, Glenroy, Gordon, Isdell, 
Mandeville, Nelson, O'Donnell, 
Tanmurra, Tarraji 
604,723 347 455 
5a Sandplains and dunes - 
open (shrublands over 
spinifex) 
Barry, Billiluna, Bulka, Coolindie, 
Egan, Gilgie, Gourdon, Great Sandy, 
Landrigan, Little Sandy, Lucas, 
Myroodah 
2,011,557 871 289 
5b Sandplains and dunes - 
wooded (shrublands over 
spinifex) 
Cornish, Gidgia, Mulan, Nita, Sisters, 
Spincrete 
1,752,584 756 75 
5c Sandplains - wooded 
over grass 
Buchanan, Cockatoo, Kennedy 216,347 58 31 
6 Pindan Camelgooda, Fraser, Lowangan, 
Luluigui, Mamilu, Parda, Phire, 
Reeves, Wanganut, Yeeda 
3,282,022 1170 412 
7a Alluvial plains - no trees Bannerman, Calwynyardah, 
Chestnut, Coonangoody, Lake 
Gregory  
447,085 296 187 
7b Alluvial plains - with trees Angallari, Betty, Snap, Sturt Creek, 
Wolfe 
217,021 125 52 
7c Mud flats Carpentaria    
8 Heavy clays (cracking 
clays) 
Alexander, Anna, Argyle, Djada, 
Duffer, Fossil 2, Gladstone, Gogo, 
Inverway, Ivanhoe, Leopold, Oscar, 
Wave Hill, Willeroo 
1,515,139 1306 1193 
9a Coastal grass without 
shrubs 
Eighty Mile, Legune, Roebuck 119,385 211 9 
9b Coastal grass with 
shrubs 
Mandora, Mannerie 54,563 42 14 
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Table A2 Southern rangelands of Western Australia 
Primary 
Functional 
Group 
Description 
Group Sub Group 
(Differentiation 
Description) 
Land system Area (ha) Traverse 
points 
Good Poor 
Hills and ranges 
with acacia 
shrublands 
10a Scattered Acacia 
on hills 
Agamemnon, Augustus,  Billy, 
Charley, Diorite, Farmer, 
Gabanintha, Glenburgh, 
Hospital, Kooline, Kunderong, 
Naluthanna, Norie, Peak Hill, 
Prairie, Treuer, Two Hills, 
Ullawarra, Weld, Wyarri, 
Yagahong 
3,277,357 339 222 
 10b Denser Acacia 
on hills 
Bevon, Brooking, Dryandra, 
Fossil, Glengarry, Laminar, 
Laverton, Marandoo, 
Moogooloo, Mulgul, Mulline, 
Princess, Singleton, Tallering, 
Teutonic, Tumblagooda, 
Watson, Woodrarrung 
1,014,393  
 
315 114 
Hills and ranges 
with spinifex 
grasslands 
11 Spinifex on hills 
(with +/- 
scattered trees) 
Black, Boolaloo, Callawa, 
Capricorn, Granitic, 
Houndstooth, Jubilee, Mckay, 
Nanutarra, Newman, Range, 
Robertson, Rocklea, Ruth, 
Talga 
3,616,480  
 
1449 23 
Mesas, 
breakaways 
and stony plains 
with acacia or 
eucalypt 
woodlands and 
halophytic 
shrublands 
12a Breakaways with 
scattered Acacia 
and shrubs 
Boondin, Crete, Gumbreak, 
Hootanui, Sandiman, 
Sherwood, Yilgangi 
1,743,590  
 
400 388 
 12b Breakaways with 
denser Acacia 
and shrubs 
Euchre, Laterite, Narryer, 
Olympic, Pells, Table, Thomas, 
Tooloo, Waguin 
1,173,234  
 
422 150 
Mesas, 
breakaways 
and stony plains 
with spinifex 
grasslands 
13 Breakaways with 
spinifex 
Coongimah, Kumina, Oakover, 
Robe 
476,342  
 
369 9 
Low hills with 
eucalypt or 
acacia 
woodlands with 
halophytic 
undershrubs 
14a Scattered Acacia 
over shrubs 
Graves, Leonora, Lynne, 
Pillawarra, Sodary 
228,766  
 
42 63 
 14b Denser Acacia 
over shrubs 
Badgeradda, Lawrence, Wiluna 202,949  
 
40 37 
(continued) 
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Table A2 Southern rangelands of Western Australia (continued) 
Primary 
Functional 
Group 
Description 
Group Sub Group 
(Differentiation 
Description) 
Land system Area (ha) Traverse 
points 
Good Poor 
Low hills and 
stony plains 
with acacia 
shrublands 
15a Scattered Acacia 
over shrubs 
Collier, Doman, Edenhope, 
James, Killara, Mindura, 
Sunrise, Wongawol 
1,078,208  
 
54 56 
 15b Denser Acacia 
over shrubs 
Ajana, Beasley, Felix, Phillips, 
Windarra 
979,591  
 
79 192 
Stony plains 
with acacia 
shrublands 
16a Scattered Acacia 
over shrubs 
Boulder, Dural, Ethel, Ford, 
Garry, George, Koonmarra, 
Mabbutt, Millrose, Paraburdoo, 
Ruby1, Sugarloaf, Sylvania, 
Tangadee, Yagina, 
Yarrameedie 
1,268,207  
 
208 161 
 16b Denser Acacia 
over shrubs 
Bandy, Challenge, Latimore, 
O'Brien, Sedgman, Windalia, 
Windidda, Woodlands 
1,174,729  
 
373 395 
 16c Scattered Acacia 
over grass 
Dollar, Elimunna, Kanjenjie 112,440  
 
85 32 
Stony plains 
with acacia 
shrublands and 
halophytic 
shrublands 
17a Scattered Acacia 
over shrubs 
Austin, Barwidgee, Bryah, 
Firecracker, Gransal, 
Gundockerta, Jimba, 
Kalyaltcha, Kurubuka, Mantle, 
Mundong, Nadarra, Nallex, 
Nubev, Scoop, Violet, Winning, 
Wongong 
2,348,287  
 
438 906 
 17b Denser Acacia 
over shrubs 
Durlacher, Mongolia, Moriarty, 
Nerramyne, Yinnietharra 
1,081,094  
 
385 540 
 17c Scattered Acacia 
over grass 
Adrian, Duffy, Horseshoe, 
Wapet 
120,668  
 
73 26 
Stony plains 
with spinifex 
grasslands 
18a Hard spinifex 
with scattered 
Acacia 
overstorey 
Billygoat, Buckshot, Bullimore, 
Divide, Egerton, Giralia, 
Heppingstone, Leeman, 
Lochinvar, Mosquito, Paterson, 
Peedamulla, Platform, Pyramid, 
Satirist, Stuart, Taillefer, 
Tanpool, Taylor, Tyrrell, Uaroo, 
Yelma 
5,783,573  
 
2902 131 
 18b Hard spinifex 
with Acacia 
overstorey 
Boolgeeda, Gregory, Kirgella, 
Mallee, Marmion, Nirran, Pan 
1,367,250  
 
714 20 
 18c Soft spinifex with 
scattered Acacia 
overstorey 
Cardabia, Learmonth, Macroy, 
Mallina, Paradise, Urandy, 
Yankagee 
1,926,960  
 
2729 62 
(continued) 
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Table A2 Southern rangelands of Western Australia (continued) 
Primary 
Functional 
Group 
Description 
Group Sub Group 
(Differentiation 
Description) 
Land system Area (ha) Traverse 
points 
Good Poor 
Nullarbor 19a Open Nullarbor – 
Maireana/Atriplex 
Arubiddy, Balgair, Chowilla, 
Deakin, Gafa, Haig, Jubilee, 
Koonjarra, Kybo, Loongana, 
Lowry, Moonera, Morris, 
Pondana, Reid, Shake Hole, 
Skink, Thampanna, Vanesk, 
Woorlba 
1,748,716                                                                                                     1932 332
 19b Scattered tree 
overstorey - 
Maireana 
Carlisle, Colville, Gunnadorah, 
Kanandah, Moodini, 
Mundrabilla, Nanambinia, 
Naretha, Nyanga, Seemore, 
Virginia 
1,771,248  
 
1305 97 
 19c Denser 
overstorey - 
margins 
Balladonia, Caiguna, Eucla, 
Gumbelt, Moopina, Weebubbie 
654,043  
 
557 7 
 19d Open Nullarbor - 
largely lost 
shrubs - 
Sclerolaenas - 
annual grasses 
Bullseye, Kinclaven, Kitchener, 
Kyarra, Nightshade, Nurina, 
Oasis, Rabbit 
969,684  
 
516 143 
Sandplains and 
occasional 
dunes with 
grassy acacia 
shrublands 
20a General 
sandplain with 
scattered 
overstorey cover 
Brown, Cahill, Lyons, Yalbalgo  943,563  
 
719 349 
 20b General 
sandplain with 
high overstorey 
cover 
Bannar, Bidgemia, Breberle, 
Bungabandi,Cooloomia, Ella, 
Eurardy, Highway, Inscription, 
Joseph, Kalbarri, Kalli, 
Lakeside, Liver, Nanga, Nerren, 
Peron, Sandplain, Yaringa 
3,655,746  
 
3058 675 
Wash plains on 
hardpan with 
mulga 
shrublands 
21a Scattered Acacia 
washplain over 
shrub 
Ararak, Belele, Blech, 
Bubbagundy, Channel, Cole, 
Diamond, Doolgunna, 
Duketon,Fan, Fisher, Frederick, 
Jamindie, Jingle, Jurrawarrina, 
Landor, Macadam, Mitchell, 
Nooingnin, Three Rivers, Tiger, 
Trennaman, Wadjinyanda, 
Wannamunna, Washplain, 
Yandil, Zebra 
3,668,013  
 
574 550 
 21b Denser Acacia 
washplain over 
shrub 
Bunny, Cadgie, Deadman, 
Desdemona, Flood, Hamilton, 
Helag, Illaara, Jundee, Lorna, 
Marlow, Monk, Outwash, 
Pindar, Rainbow, Ranch, 
Spearhole, Stonehut, Tango, 
Tealtoo, Tindalarra, Wash, 
Winmar, Woodline, Wooramel, 
Yalluwin, Yanganoo, Yowie 
7,909,443  
 
2093 2270 
(continued) 
Pastoral Lease Assessment using Geospatial Analysis 
33 
Table A2 Southern rangelands of Western Australia (continued) 
Primary 
Functional 
Group 
Description 
Group Sub Group 
(Differentiation 
Description) 
Land system Area (ha) Traverse 
points 
Good Good 
Wash plains on 
hardpan with 
mulga 
shrublands 
21c Acacia washplain 
over spinifex 
Pindering 30,704  
 
57 3 
Alluvial plains 
with acacia 
shrublands 
22a Alluvial plain 
(shrubland with 
scattered Acacia 
overstorey) 
Byro, Clere, Cowra, Doney, 
Globe, Holmwood, Hooley, 
Marillana, Millex, Minderoo, 
Narbung, Sherlock, Snakewood 
Stork, Trillbar, Yandi 
656,059  
 
369 284 
 22b Alluvial plain 
(shrubland with 
Acacia 
overstorey) 
Campsite, Christmas, Gumland, 
Kanowna 
97,757  
 
65 42 
Alluvial plains 
with halophytic 
shrublands 
23a Halophyte shrub 
+/- scattered 
Acacia 
overstorey 
Barrabiddy, Bayou, Birrida, 
Bunyip, Chargoo, Cundelbar, 
Cyclops, Delta, Donovan, 
Edward, Ero, Foscal, Joy, 
Macleod, Merbla, Mileura, 
Monitor, Outcamp, Peedawarra, 
Roderick, Sable, Siberia, 
Skipper, Steer, Sturt, 
Wandagee, Warroora, 
Weenyung, Wilson, 
Yalkalya,Yewin 
1,614,555  
 
1360 1058 
 23b Halophyte shrub 
denser Acacia 
and other shrubs 
association 
Beringarra, Coolabulla, Gearle, 
Gneudna, Racecourse, Salune, 
Sandal, Spot, Talawana, 
Target,York 
1,070,124  
 
684 774 
Alluvial plains 
with tussock 
grasslands 
24a Tussock grass - 
no shrubs 
Bibbingunna, Brockman, 
Cheetara, Horseflat, Marloo, 
Pullgarah, Turee, White 
Springs, Wona, Yarcowie 
675,230  
 
673 298 
 24b Tussock grass - 
more shrubs 
Balfour, Cheela, Rous 193,251  
 
113 52 
Calcrete plains 
with spinifex 
grasslands 
25a Spinifex with 
sparse Acacia or 
shrubs 
Calcrete, Carleeda 136,809  
 
148 7 
 25b Spinifex with 
denser Acacia or 
shrubs 
Cosmo, Lime, Zanthus 72,153  
 
56 4 
Calcrete plains 
with acacia 
shrublands 
26 Scattered acacia 
over various 
shrubs 
Bibra, Cunyu, Mary, Melaleuca, 
Tamala, Tarcumba, Toolonga, 
Trealla, Warri, Warrie 
773,681  
 
311 425 
(continued) 
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Table A2 Southern rangelands of Western Australia (continued) 
Primary 
Functional 
Group 
Description 
Group Sub Group 
(Differentiation 
Description) 
Land system Area (ha) Traverse 
points 
Good Good 
River plains 
with grassy 
woodlands and 
tussock 
grasslands 
27a River plains - 
grass with 
scattered 
overstorey 
Cane, Fortescue, Nanyarra, 
River, Yamerina 
708,780  
 
883 163 
 27b River plains - 
shrub with 
scattered 
overstorey 
Jigalong 62,116  
 
20 36 
 27c River plains - 
grass with dense 
overstorey 
Ashburton, Coolibah, 
Gascoyne, Yanrey 
516,996  
 
150 134 
Salt lakes and 
fringing alluvial 
plains with 
halophytic 
shrublands 
28 Scattered to 
moderately close 
halophytic 
shrublands with 
occassional 
Acacias 
Boonderoo, Carnegie, Darlot, 
Lefroy, Marsh, Weelarrana, 
Wolarry, Wooleen 
1,395,675  
 
592 93 
Coastal plains, 
cliffs, dunes, 
mudflats and 
beaches; 
various 
vegetation 
29a Coastal - 
scattered Acacia 
over shrub 
Cullawarra, Damper, Littoral 68,278  
 
75 12 
 29b Coastal - closed 
Acacia over 
shrub 
Coast, Coquina, Culver, Edel, 
Lyell, Roe, Toolinna, 
Wurrengoodyea, Zuytdorp 
246,569  
 
534 72 
 29c Coastal - 
scattered Acacia 
over grass 
Cheerawarra, Dune, Onslow 132,309  
 
95 16 
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Appendix B: Orthogonal Polynomial Coefficients  
Table B1 (adapted from Draper and Smith (1998). See Appendix F, Exercise 4, for an 
example).  
 N1=3  N1=4 
 Linear Slope Curvature  Linear Slope Curvature 
 -1 1  -3 1 
 0 -2  -1 -1 
 1 1  1 -1 
    3 1 
      
Sum of Squares2 2 6  20 4 
Constant3 1 3  2 1 
 
 N1=5  N1=6 
 Linear Slope Curvature  Linear Slope Curvature 
 -2 2  -5 5 
 -1 -1  -3 -1 
 0 -2  -1 -4 
 1 -1  1 -4 
 2 2  3 -1 
    5 5 
      
Sum of Squares2 10 14  70 84 
Constant3 1 1  2 1.5 
 
 N1=7  N1=8 
 Linear Slope Curvature  Linear Slope Curvature 
 -3 5  -7 7 
 -2 0  -5 1 
 -1 -3  -3 -3 
 0 -4  -1 -5 
 1 -3  1 -5 
 2 0  3 -3 
 3 5  5 1 
    7 7 
      
Sum of Squares2 28 84  168 168 
Constant3 1 1  2 1 
1  Number of equally spaced (through time) images used in time series; 
2  Sum of the squares of the column entries; 
3 Used as a scalar to enable all of the values in the tables to be integers.  
(continued) 
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Table B1 (adapted from Draper and Smith (1998). See Appendix F, Exercise 4, for an 
example). (continued) 
 N1=9  N1=10 
 Linear Slope Curvature  Linear Slope Curvature 
 -4 28  -9 6 
 -3 7  -7 2 
 -2 -8  -5 -1 
 -1 -17  -3 -3 
 0 -20  -1 -4 
 1 -17  1 -4 
 2 -8  3 -3 
 3 7  5 -1 
 4 28  7 2 
    9 6 
      
Sum of Squares2 60 2772  330 132 
Constant3 1 3  2 0.5 
 
 N1=11  N1=12 
 Linear Slope Curvature  Linear Slope Curvature 
 -5 15  -11 55 
 -4 6  -9 25 
 -3 -1  -7 1 
 -2 -6  -5 -17 
 -1 -9  -3 -29 
 0 -10  -1 -35 
 1 -9  1 -35 
 2 -6  3 -29 
 3 -1  5 -17 
 4 6  7 1 
 5 15  9 25 
    11 55 
      
Sum of Squares2 110 858  572 12012 
Constant3 1 1  2 3 
 
1  Number of equally spaced (through time) images used in time series; 
2  Sum of the squares of the column entries; 
3  Used as a scalar to enable all of the values in the tables to be integers. 
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Appendix C: Maps of the locations where remote sensing 
can be used 
 
High resolution maps are also available on the accompanying DVD.  
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
 
Appendix D: AUC values of Vegetation Indices for each 
Functional Group  
Table D1  Kimberley Region   
Functional 
Group 
Land 
Monitor1 STVI-1
1 Red1 Green + Red1 NDVI
1 NDSVI1 STVI-31 
1a 0.66 0.65 0.61 0.61 0.62 0.51 0.64 
1b 0.64 0.65 0.58 0.57 0.58 0.42 0.66 
2a 0.58 0.56 0.48 0.49 0.49 0.37 0.61 
2b_l 0.66 0.70 0.68 0.69 0.71 0.65 0.60 
2b_m 0.76 0.78 0.68 0.66 0.68 0.53 0.69 
2c_l 0.77 0.75 0.72 0.72 0.63 0.38 0.71 
2c_m 0.49 0.53 0.46 0.45 0.57 0.42 0.62 
2d_m 0.76 0.74 0.72 0.72 0.64 0.48 0.67 
5a_l 0.80 0.80 0.76 0.77 0.71 0.39 0.74 
5b_l 0.38 0.38 0.36 0.39 0.38 0.39 0.47 
5c_m 0.31 0.33 0.29 0.29 0.33 0.36 0.40 
6_l 0.33 0.31 0.35 0.36 0.32 0.48 0.31 
6_m 0.40 0.41 0.38 0.39 0.43 0.40 0.48 
7a_l 0.75 0.67 0.72 0.85 0.50 0.67 0.33 
7a_m 0.78 0.79 0.74 0.75 0.75 0.54 0.74 
7b_l 0.49 0.47 0.44 0.52 0.41 0.36 0.48 
8_m 0.59 0.62 0.57 0.56 0.64 0.51 0.65 
9a_m 0.50 0.53 0.51 0.50 0.56 0.54 0.54 
Average 0.59 0.59 0.56 0.57 0.55 0.47 0.57 
Median 0.62 0.64 0.58 0.57 0.58 0.45 0.62 
Std. Deviation 0.16 0.16 0.15 0.16 0.13 0.10 0.13 
Table D2  Southern Rangelands 
Functional 
Group 
Land 
Monitor1 STVI-1
1 Red1 Green + Red1 NDVI
1 NDSVI1 STVI-31 
10a_l 0.70 0.71 0.67 0.64 0.62 0.51 0.60 
10b_l 0.76 0.76 0.70 0.68 0.64 0.45 0.72 
11_l 0.62 0.67 0.64 0.61 0.70 0.60 0.66 
12a_m 0.63 0.64 0.63 0.61 0.63 0.60 0.52 
12b_l 0.83 0.82 0.82 0.82 0.71 0.65 0.51 
12b_m 0.63 0.67 0.68 0.66 0.72 0.69 0.53 
13_l 0.57 0.70 0.53 0.54 0.82 0.52 0.80 
14a_m 0.82 0.81 0.78 0.79 0.68 0.49 0.73 
15a_l 0.76 0.79 0.76 0.76 0.61 0.60 0.50 
15b_m 0.65 0.63 0.67 0.68 0.60 0.68 0.41 
(continued) 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
 
Table D2  Southern Rangelands (continued) 
Functional 
Group 
Land 
Monitor1 STVI-1
1 Red1 Green + Red1 NDVI
1 NDSVI1 STVI-31 
16a_l 0.77 0.70 0.75 0.75 0.40 0.47 0.42 
16b_m 0.70 0.70 0.71 0.70 0.68 0.69 0.49 
17a_l 0.71 0.77 0.72 0.70 0.77 0.63 0.65 
17a_m 0.70 0.72 0.69 0.69 0.70 0.60 0.59 
17b_l 0.71 0.74 0.71 0.70 0.69 0.65 0.56 
17b_m 0.86 0.86 0.86 0.85 0.83 0.76 0.68 
18a_l 0.62 0.65 0.58 0.57 0.64 0.48 0.65 
18a_m 0.89 0.94 0.63 0.57 0.80 0.05 1.00 
18b_l 0.76 0.77 0.71 0.69 0.62 0.32 0.73 
18c_l 0.63 0.62 0.56 0.54 0.54 0.33 0.64 
18c_m 0.84 0.83 0.84 0.85 0.73 0.77 0.54 
19a_m 0.81 0.76 0.81 0.82 0.72 0.64 0.51 
19b_m 0.85 0.81 0.84 0.83 0.68 0.80 0.30 
19c_m 0.77 0.72 0.72 0.73 0.56 0.58 0.51 
19d_m 0.73 0.67 0.74 0.73 0.55 0.74 0.27 
20a_m 0.71 0.71 0.66 0.65 0.63 0.53 0.59 
20b_l 0.64 0.68 0.63 0.60 0.68 0.57 0.66 
20b_m 0.64 0.66 0.60 0.59 0.66 0.50 0.65 
21a_l 0.66 0.71 0.67 0.67 0.71 0.59 0.65 
21a_m 0.81 0.79 0.83 0.83 0.65 0.57 0.60 
21b_l 0.54 0.56 0.54 0.52 0.60 0.57 0.55 
21b_m 0.65 0.65 0.64 0.64 0.61 0.58 0.56 
22a_l 0.84 0.86 0.82 0.78 0.72 0.48 0.77 
22a_m 0.86 0.83 0.82 0.83 0.69 0.54 0.65 
22b_m 0.67 0.70 0.69 0.66 0.73 0.66 0.66 
23a_m 0.63 0.64 0.61 0.59 0.62 0.57 0.53 
23b_m 0.68 0.67 0.65 0.63 0.65 0.60 0.56 
24a_l 0.55 0.59 0.55 0.52 0.66 0.58 0.65 
24a_m 0.77 0.75 0.69 0.64 0.63 0.48 0.72 
24b_l 0.61 0.65 0.61 0.59 0.68 0.48 0.63 
26b_m 0.69 0.69 0.68 0.67 0.66 0.61 0.56 
27a_m 0.76 0.76 0.79 0.78 0.74 0.70 0.68 
27c_m 0.65 0.64 0.63 0.61 0.62 0.50 0.63 
28_m 0.47 0.50 0.42 0.42 0.50 0.41 0.66 
29b_l 0.58 0.52 0.50 0.55 0.48 0.49 0.41 
29b_m 0.79 0.79 0.79 0.77 0.74 0.79 0.48 
Average 0.71 0.71 0.69 0.68 0.66 0.57 0.59 
Median 0.70 0.71 0.69 0.67 0.66 0.58 0.60 
Std. Deviation 0.10 0.09 0.10 0.10 0.08 0.13 0.13 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Appendix E: AUC values of Vegetation Indices at the 
Station Level  
Table E1  Kimberley 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Argyle Downs - - - - - - - 
Alice Downs 0.86 0.86 0.86 0.87 0.76 0.42 0.79 
Anna Plains 0.31 0.35 0.23 0.23 0.37 0.21 0.57 
Bedford Downs 0.72 0.71 0.70 0.69 0.67 0.65 0.65 
Beefwood Park 0.77 0.79 0.67 0.68 0.73 0.32 0.79 
Billiluna 0.62 0.61 0.57 0.65 0.50 0.33 0.58 
Blina 0.75 0.77 0.71 0.72 0.75 0.49 0.73 
Bohemia Downs - - - - - - - 
Bow River 0.71 0.74 0.56 0.54 0.68 0.31 0.83 
Brooking Springs 0.64 0.65 0.54 0.52 0.57 0.32 0.73 
Bulka 0.81 0.81 0.71 0.74 0.76 0.45 0.88 
Burks Park - - - - - - - 
Carlton Hill 0.60 0.70 0.67 0.64 0.77 0.68 0.70 
Carranya 0.47 0.47 0.54 0.48 0.65 0.32 0.72 
Carson River 0.56 0.67 0.43 0.42 0.65 0.32 0.73 
Charnley River - - - - - - - 
Cherrabun 0.84 0.83 0.78 0.79 0.76 0.33 0.77 
Christmas Creek 0.71 0.79 0.61 0.61 0.78 0.30 0.85 
Country Downs - - - - - - - 
Dampier Downs - - - - - - - 
Debesa - - - - - - - 
Doon Doon 0.68 0.75 0.65 0.62 0.67 0.57 0.73 
Doongan - - - - - - - 
Drysdale River - - - - - - - 
El Questro - - - - - - - 
Ellenbrae - - - - - - - 
Elvire - - - - - - - 
Fairfield - - - - - - - 
Flora Valley - - - - - - - 
Fossil Downs 0.74 0.81 0.65 0.69 0.75 0.79 0.96 
Frazier Downs 0.81 0.83 0.73 0.70 0.79 0.61 0.83 
Gibb River 0.41 0.46 0.35 0.35 0.51 0.50 0.57 
Glenroy 0.39 0.37 0.35 0.36 0.33 0.34 0.35 
(continued) 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E1  Kimberley (continued) 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Gogo 0.71 0.75 0.63 0.64 0.70 0.41 0.76 
Gordon Downs 0.79 0.78 0.81 0.79 0.76 0.24 0.58 
Home Valley - - - - - - - 
Ivanhoe 0.79 0.71 0.74 0.74 0.60 0.37 0.50 
Jubilee Downs 0.74 0.70 0.78 0.75 0.64 0.30 0.56 
Kachana - - - - - - - 
Kalyeeda - - - - - - - 
Kilto - - - - - - - 
Kimberley Downs 0.69 0.71 0.68 0.68 0.66 0.52 0.65 
Koongie Park - - - - - - - 
Lake Gregory CA 0.74 0.78 0.63 0.61 0.68 0.26 0.76 
Lamboo  - - - - - - - 
Lansdowne 0.93 0.92 0.86 0.83 0.74 0.61 0.78 
Larrawa 0.70 0.63 0.68 0.69 0.55 0.50 0.57 
Leopold Downs 0.76 0.86 0.59 0.59 0.79 0.17 0.90 
Lissadell 0.67 0.74 0.63 0.63 0.72 0.53 0.77 
Liveringa - - - - - - - 
Louisa Downs 0.66 0.67 0.57 0.56 0.62 0.41 0.71 
Mabel Downs 0.83 0.84 0.75 0.75 0.71 0.27 0.84 
Madigan 0.75 0.78 0.66 0.70 0.74 0.37 0.74 
Mandora 0.64 0.65 0.66 0.65 0.66 0.75 0.39 
Margaret River 0.92 0.92 0.90 0.90 0.78 0.30 0.84 
Marion Downs - - - - - - - 
Millijidee 0.74 0.74 0.73 0.75 0.57 0.53 0.50 
Moola Bulla 0.88 0.89 0.85 0.85 0.75 0.30 0.85 
Mornington 0.38 0.38 0.37 0.37 0.40 0.35 0.41 
Mowanjum - - - - - - - 
Mowla Bluff - - - - - - - 
Mt Amhurst - - - - - - - 
Mt Anderson - - - - - - - 
Mt Barnett - - - - - - - 
Mt Elizabeth 0.36 0.37 0.34 0.36 0.37 0.35 0.40 
Mt House 0.56 0.52 0.47 0.47 0.46 0.38 0.55 
Mt Jowlaenga - - - - - - - 
Mt Pierre 0.77 0.76 0.67 0.66 0.65 0.33 0.78 
Myroodah - - - - - - - 
(continued) 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E1  Kimberley (continued) 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Napier Downs 0.76 0.74 0.72 0.71 0.65 0.46 0.68 
Nerrima 0.81 0.83 0.63 0.66 0.68 0.23 0.80 
Nicholson 0.68 0.73 0.70 0.69 0.80 0.56 0.73 
Nita Downs - - - - - - - 
Noonkanbah 0.72 0.78 0.67 0.66 0.74 0.48 0.74 
Osmond Valley - - - - - - - 
Pentecost Downs - - - - - - - 
Quanbun Downs 0.64 0.70 0.56 0.58 0.68 0.45 0.78 
Roebuck Plains 0.57 0.67 0.67 0.61 0.73 0.58 0.74 
Rosewood - - - - - - - 
Ruby Plains - - - - - - - 
Shamrock - - - - - - - 
Sophie Downs 0.80 0.78 0.73 0.72 0.68 0.22 0.77 
Spring Creek 0.51 0.59 0.47 0.51 0.70 0.59 0.71 
Springvale 0.71 0.74 0.73 0.72 0.75 0.56 0.71 
Sturt Creek - - - - - - - 
Tableland - - - - - - - 
Theda 0.85 0.79 0.73 0.78 0.47 0.21 0.64 
Wallal Downs - - - - - - - 
Yakka Munga 0.36 0.32 0.30 0.32 0.29 0.33 0.37 
Yeeda 0.62 0.65 0.58 0.58 0.66 0.45 0.71 
Average 0.68 0.70 0.63 0.63 0.65 0.42 0.69 
Median 0.71 0.74 0.66 0.66 0.68 0.38 0.73 
Std. Deviation 0.15 0.15 0.15 0.15 0.13 0.15 0.14 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E2  Pilbara (continued) 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Asburton Downs - - - - - - - 
Balfour Downs 0.67 0.69 0.70 0.72 0.73 0.59 0.62 
Bonney Downs - - - - - - - 
Boodarie 0.87 0.91 0.89 0.77 0.88 0.83 0.73 
Cheela Plains - - - - - - - 
Coolawanyah 0.77 0.89 0.87 0.81 0.94 0.80 0.93 
Coongan - - - - - - - 
De Grey 0.87 0.89 0.84 0.84 0.88 0.73 0.90 
Eginbah - - - - - - - 
Emu Creek 0.85 0.89 0.87 0.89 0.83 0.76 0.66 
Ethel Creek 0.58 0.59 0.58 0.58 0.62 0.58 0.54 
Glen Florrie - - - - - - - 
Hamersley 0.89 0.89 0.78 0.73 0.67 0.19 0.87 
Hillside - - - - - - - 
Hooley - - - - - - - 
Indee - - - - - - - 
Juna Downs - - - - - - - 
Kangan - - - - - - - 
Karratha 0.92 0.91 0.90 0.86 0.81 0.58 0.86 
Kooline - - - - - - - 
Koordarrie - - - - - - - 
Mallina - - - - - - - 
Mandora - - - - - - - 
Mardie 0.33 0.34 0.24 0.21 0.35 0.21 0.43 
Marillana - - - - - - - 
Minderoo 0.72 0.74 0.68 0.68 0.67 0.62 0.65 
Mininer 0.94 0.95 0.93 0.90 0.66 0.72 0.49 
Mt Divide 0.54 0.52 0.49 0.53 0.50 0.47 0.53 
Mt Florance - - - - - - - 
Mt Stuart - - - - - - - 
Mt Welcome 0.79 0.74 0.72 0.70 0.62 0.44 0.68 
Muccan - - - - - - - 
Mulga Downs 0.65 0.67 0.59 0.58 0.50 0.44 0.59 
Mundabullangana 0.85 0.83 0.74 0.75 0.64 0.48 0.62 
Nanutarra - - - - - - - 
(continued) 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E2  Pilbara (continued) 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Noreena Downs 0.71 0.73 0.71 0.62 0.67 0.54 0.67 
Panorama - - - - - - - 
Pardoo - - - - - - - 
Peedamulla - - - - - - - 
Pippingarra - - - - - - - 
Prairie Downs - - - - - - - 
Pyramid - - - - - - - 
Red Hill 0.73 0.76 0.66 0.65 0.68 0.58 0.65 
Robertson Range - - - - - - - 
Rocklea 0.82 0.65 0.81 0.75 0.17 0.60 0.18 
Roy Hill 0.46 0.55 0.53 0.54 0.74 0.70 0.57 
Sherlock - - - - - - - 
Strelley - - - - - - - 
Sylvania 0.75 0.76 0.76 0.76 0.74 0.58 0.64 
Turee Creek - - - - - - - 
Uaroo - - - - - - - 
Urala - - - - - - - 
Walagunya 0.51 0.58 0.44 0.44 0.70 0.36 0.71 
Wallareenya - - - - - - - 
Wandanya 0.90 0.95 0.80 0.77 0.71 0.34 0.86 
Warambie 0.93 0.94 0.91 0.89 0.92 0.68 0.93 
Warrawagine 0.73 0.74 0.69 0.70 0.62 0.46 0.68 
Wyloo - - - - - - - 
Yalleen 0.21 0.25 0.16 0.11 0.59 0.40 0.43 
Yarraloola - - - - - - - 
Yarrie 0.08 0.07 0.02 0.03 0.11 0.01 0.33 
Average 0.70 0.71 0.67 0.65 0.65 0.53 0.64 
Median 0.74 0.74 0.72 0.71 0.67 0.58 0.65 
Std Deviation 0.23 0.22 0.24 0.23 0.20 0.20 0.18 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E3  Gascoyne 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Bidgemia - - - - - - - 
Boolathana - - - - - - - 
Boologooroo - - - - - - - 
Brick House 0.78 0.78 0.73 0.69 0.66 0.61 0.51 
Bullara 0.93 0.95 0.88 0.86 0.87 0.66 0.85 
Callagiddy - - - - - - - 
Carbla - - - - - - - 
Cardabia - - - - - - - 
Carey Downs 0.78 0.77 0.77 0.78 0.68 0.69 0.37 
Carrarang 0.71 0.72 0.71 0.74 0.72 0.82 0.42 
Coburn - - - - - - - 
Cooralya 0.87 0.85 0.78 0.81 0.69 0.49 0.75 
Dairy Creek - - - - - - - 
Dalgety Downs 0.77 0.70 0.75 0.74 0.54 0.60 0.47 
Dirk Hartog - - - - - - - 
Dooley Downs - - - - - - - 
Doorawarrah - - - - - - - 
Edaggee - - - - - - - 
Edmund 0.65 0.83 0.61 0.57 0.76 0.44 0.82 
Ella Valla - - - - - - - 
Errabiddy - - - - - - - 
Eudamullah 0.52 0.58 0.54 0.51 0.68 0.55 0.8 
Exmouth Gulf 0.97 0.98 0.95 0.92 0.85 0.64 0.87 
Gilroyd - - - - - - - 
Glenburgh - - - - - - - 
Gnaraloo - - - - - - - 
Hamelin 0.61 0.68 0.58 0.55 0.78 0.46 0.81 
Hill Springs - - - - - - - 
Jimba Jimba 0.47 0.52 0.44 0.42 0.57 0.43 0.65 
Landor - - - - - - - 
Lyndon - - - - - - - 
Lyons River - - - - - - - 
Manberry 0.67 0.68 0.61 0.60 0.60 0.43 0.71 
Mangaroon - - - - - - - 
Mardathuna 0.83 0.84 0.8 0.79 0.77 0.69 0.54 
Maroonah - - - - - - - 
(continued) 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E3  Gascoyne (continued) 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Marrilla - - - - - - - 
Marron - - - - - - - 
Meadow - - - - - - - 
Meedo 1.00 0.99 1.00 1.00 0.74 0.66 0.6 
Meeragoolia - - - - - - - 
Mia Mia 0.90 0.91 0.85 0.82 0.88 0.65 0.86 
Middalya 0.85 0.87 0.84 0.85 0.82 0.73 0.71 
Milgun - - - - - - - 
Minilya 0.77 0.77 0.76 0.74 0.68 0.65 0.59 
Minnie Creek - - - - - - - 
Mooloo Downs 0.76 0.76 0.76 0.75 0.72 0.70 0.65 
Mt Augustus - - - - - - - 
Mt Clere 0.64 0.64 0.69 0.67 0.62 0.71 0.28 
Mt Phillip - - - - - - - 
Mt Vernon - - - - - - - 
Nerren Nerren - - - - - - - 
Ningaloo - - - - - - - 
Pingandy - - - - - - - 
Quobba 0.87 0.87 0.82 0.82 0.73 0.69 0.55 
Talisker - - - - - - - 
Tamala 0.53 0.55 0.41 0.38 0.39 0.27 0.74 
Towera - - - - - - - 
Towrana - - - - - - - 
Ullawarra - - - - - - - 
Wahroonga - - - - - - - 
Wandagee 0.96 0.95 0.95 0.94 0.92 0.86 0.74 
Wanna 0.85 0.88 0.85 0.82 0.80 0.74 0.7 
Warroora 0.73 0.75 0.72 0.72 0.76 0.66 0.71 
Williambury 0.81 0.85 0.84 0.81 0.82 0.79 0.46 
Winderie 0.82 0.81 0.8 0.8 0.73 0.68 0.51 
Winning 0.70 0.74 0.62 0.57 0.64 0.43 0.74 
Woodlands - - - - - - - 
Woodleigh - - - - - - - 
Wooramel 0.76 0.75 0.75 0.72 0.69 0.71 0.35 
Yalardy - - - - - - - 
Yalbalgo - - - - - - - 
(continued) 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E3  Gascoyne (continued) 
Yanrey - - - - - - - 
Yaringa - - - - - - - 
Yinnetharra 0.66 0.72 0.71 0.65 0.80 0.65 0.59 
Average 0.76 0.78 0.74 0.73 0.72 0.62 0.63 
Median 0.77 0.77 0.76 0.74 0.73 0.66 0.65 
Std. Deviation 0.14 0.12 0.14 0.15 0.11 0.14 0.16 
Table E4  Mid-west 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Albion Downs - - - - - - - 
Annean - - - - - - - 
Atley 0.66 0.67 0.65 0.63 0.67 0.64 0.46 
Austin Downs - - - - - - - 
Badja 0.92 0.92 0.92 0.91 0.79 0.58 0.76 
Ballythunna - - - - - - - 
Barnong 0.71 0.69 0.69 0.70 0.60 0.59 0.58 
Barrambie - - - - - - - 
Barwidgee - - - - - - - 
Beebyn - - - - - - - 
Belele - - - - - - - 
Beringarra - - - - - - - 
Billabalong 0.81 0.76 0.77 0.84 0.55 0.62 0.60 
Bimbijy - - - - - - - 
Black Hill 0.70 0.73 0.67 0.65 0.66 0.52 0.65 
Boodanoo - - - - - - - 
Boogardie - - - - - - - 
Boolardy 0.66 0.64 0.65 0.64 0.54 0.58 0.45 
Bryah - - - - - - - 
Bullardoo - - - - - - - 
Bulloo Downs - - - - - - - 
Bunnawarra 0.76 0.77 0.75 0.74 0.70 0.59 0.62 
Buttah - - - - - - - 
Byro 0.48 0.45 0.48 0.51 0.44 0.54 0.37 
Carlaminda 0.70 0.71 0.65 0.62 0.57 0.42 0.62 
Carnegie - - - - - - - 
Challa 0.54 0.55 0.61 0.62 0.63 0.71 0.31 
Cogla Downs 0.78 0.76 0.76 0.75 0.68 0.64 0.53 
(continued) 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E4  Mid-west (continued) 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Cunyu - - - - - - - 
Coodardy 0.67 0.65 0.67 0.70 0.61 0.65 0.54 
Coolcalalaya - - - - - - - 
Curbur - - - - - - - 
Edah 0.66 0.66 0.64 0.61 0.51 0.46 0.57 
Eurardy - - - - - - - 
Gabyon 0.71 0.72 0.70 0.69 0.68 0.60 0.61 
Gidgee 0.54 0.52 0.52 0.52 0.51 0.52 0.51 
Glen - - - - - - - 
Glenayle - - - - - - - 
Granite Peak - - - - - - - 
Hillview 0.45 0.46 0.42 0.43 0.38 0.36 0.59 
Hy Brazil - - - - - - - 
Innouendy 0.39 0.32 0.54 0.61 0.33 0.86 0.17 
Iowna 0.74 0.73 0.71 0.66 0.53 0.49 0.57 
Jingemarra - - - - - - - 
Judal - - - - - - - 
Jundee - - - - - - - 
Kalli 0.68 0.64 0.74 0.76 0.67 0.82 0.26 
Karbar - - - - - - - 
Killara - - - - - - - 
Kirkalocka 0.71 0.72 0.64 0.60 0.57 0.42 0.65 
Koonmarra - - - - - - - 
Kumarina - - - - - - - 
Lake Barlee 0.40 0.42 0.36 0.37 0.44 0.36 0.64 
Lake Violet - - - - - - - 
Lake Way - - - - - - - 
Lakeside - - - - - - - 
Lynton - - - - - - - 
Madoonga 0.78 0.75 0.76 0.77 0.63 0.66 0.54 
Mallee - - - - - - - 
Maranalgo - - - - - - - 
Marymia - - - - - - - 
Meeberrie - - - - - - - 
Meeline - - - - - - - 
Meka 0.71 0.70 0.69 0.71 0.54 0.63 0.37 
(continued) 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E4  Mid-west (continued) 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Melangata - - - - - - - 
Mellenbye - - - - - - - 
Mileura - - - - - - - 
Millbillillie - - - - - - - 
Millrose - - - - - - - 
Milly Milly 0.67 0.72 0.74 0.75 0.85 0.84 0.69 
Mingah Springs - - - - - - - 
Moorarie - - - - - - - 
Mt Farmer - - - - - - - 
Mt Gibson 0.60 0.57 0.58 0.55 0.54 0.55 0.49 
Mt Gould - - - - - - - 
Mt Narryer - - - - - - - 
Mt Padbury - - - - - - - 
Mt View - - - - - - - 
Mt Wittenoom - - - - - - - 
Mulgul - - - - - - - 
Munbinia - - - - - - - 
Muralgarra 0.82 0.82 0.80 0.81 0.63 0.62 0.53 
Murchison Downs - - - - - - - 
Murgoo - - - - - - - 
Murrum 0.57 0.59 0.53 0.54 0.53 0.42 0.65 
Nalbarra 0.67 0.65 0.63 0.61 0.46 0.47 0.46 
Nallan - - - - - - - 
Narndee 0.56 0.58 0.53 0.52 0.61 0.51 0.65 
Neds Creek - - - - - - - 
New Forest 0.82 0.81 0.82 0.80 0.62 0.68 0.33 
Niminga - - - - - - - 
Ninghan 0.49 0.53 0.49 0.46 0.62 0.55 0.56 
Nookawarra - - - - - - - 
Oudabunna 0.60 0.59 0.56 0.54 0.52 0.47 0.51 
Paroo - - - - - - - 
Perangery - - - - - - - 
Pindabunna 0.66 0.66 0.61 0.57 0.51 0.44 0.56 
Pinegrove - - - - - - - 
Polelle - - - - - - - 
Prenti Downs - - - - - - - 
(continued) 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E4  Mid-west (continued) 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Pullagaroo 0.69 0.69 0.68 0.68 0.66 0.66 0.54 
Sherwood - - - - - - - 
Tallering 0.75 0.75 0.70 0.69 0.64 0.55 0.57 
Tangadee - - - - - - - 
Three Rivers - - - - - - - 
Thundelarra 0.60 0.58 0.62 0.63 0.60 0.69 0.35 
Twin Peaks - - - - - - - 
Ullula - - - - - - - 
Wagga Wagga 0.65 0.66 0.63 0.62 0.63 0.59 0.52 
Wanarie 0.47 0.49 0.42 0.41 0.45 0.35 0.56 
Wandina 0.79 0.78 0.76 0.74 0.59 0.52 0.60 
Weelarrana 0.53 0.51 0.51 0.54 0.53 0.57 0.43 
Windimurra 0.51 0.55 0.54 0.54 0.73 0.63 0.53 
Windidda - - - - - - - 
Windsor 0.76 0.77 0.74 0.71 0.72 0.54 0.74 
Wogarno - - - - - - - 
Wondinong - - - - - - - 
Wonganoo - - - - - - - 
Wooleen 0.80 0.83 0.76 0.72 0.48 0.35 0.73 
Wydgee 0.69 0.70 0.64 0.60 0.61 0.45 0.70 
Wynyangoo - - - - - - - 
Yallalong - - - - - - - 
Yandi - - - - - - - 
Yarlarweelor - - - - - - - 
Yarrabubba 0.39 0.39 0.38 0.37 0.40 0.46 0.52 
Yarraquin - - - - - - - 
Yeelirrie 0.62 0.62 0.60 0.58 0.55 0.50 0.54 
Yelma - - - - - - - 
Yoothapina - - - - - - - 
Youno Downs - - - - - - - 
Yoweragabbie 0.48 0.50 0.45 0.45 0.49 0.43 0.56 
Yuin 0.60 0.62 0.61 0.59 0.55 0.54 0.48 
Yuinmery 0.57 0.58 0.54 0.53 0.53 0.49 0.55 
Average 0.64 0.64 0.63 0.62 0.58 0.55 0.54 
Median 0.66 0.66 0.64 0.62 0.57 0.55 0.55 
Std. Deviation 0.12 0.12 0.12 0.12 0.10 0.12 0.12 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E5  Wheatbelt - Goldfields 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Adelong - - - - - - - 
Avoca Downs - - - - - - - 
Banjawarn - - - - - - - 
Black Flag - - - - - - - 
Booylgoo Spring - - - - - - - 
Braemore - - - - - - - 
Brontie - - - - - - - 
Bulga Downs 0.71 0.72 0.68 0.69 0.67 0.62 0.61 
Bullabulling - - - - - - - 
Calooli - - - - - - - 
Carinta - - - - - - - 
Clover Downs - - - - - - - 
Cowarna Downs - - - - - - - 
Dandaraga 0.49 0.50 0.46 0.46 0.45 0.44 0.54 
Deleta - - - - - - - 
Depot Springs - - - - - - - 
Diemals - - - - - - - 
Edjudina - - - - - - - 
Ennuin - - - - - - - 
Erlistoun - - - - - - - 
Fraser Range - - - - - - - 
Gindalbie - - - - - - - 
Glenorn - - - - - - - 
Golden Valley - - - - - - - 
Hampton Hill - - - - - - - 
Jeedamya - - - - - - - 
Jibberding - - - - - - - 
Kawana - - - - - - - 
Lake Wells - - - - - - - 
Laverton Downs - - - - - - - 
Leinster Downs - - - - - - - 
Madoonia Downs - - - - - - - 
Melita - - - - - - - 
Melrose - - - - - - - 
Menangina - - - - - - - 
Menangina South - - - - - - - 
Merolia - - - - - - - 
 (continued) 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E5  Wheatbelt – Goldfields (continued) 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Mertondale - - - - - - - 
Minara - - - - - - - 
Morapoi - - - - - - - 
Mouroubra - - - - - - - 
Mt Burges - - - - - - - 
Mt Jackson - - - - - - - 
Mt Keith - - - - - - - 
Mt Monger - - - - - - - 
Mt Vetters - - - - - - - 
Mt Weld - - - - - - - 
Mungari - - - - - - - 
Nambi - - - - - - - 
Perrinvale - - - - - - - 
Pinjin - - - - - - - 
Pinnacles - - - - - - - 
Remlap - - - - - - - 
Riverina - - - - - - - 
Southern Hills - - - - - - - 
Sturt Meadows - - - - - - - 
Tarmoola - - - - - - - 
Walling Rock - - - - - - - 
Weebo - - - - - - - 
White Cliffs - - - - - - - 
Woolibar - - - - - - - 
Yakabindie - - - - - - - 
Yamarna - - - - - - - 
Yandal - - - - - - - 
Yerilla - - - - - - - 
Yindi - - - - - - - 
Yundamindra - - - - - - - 
Average 0.60 0.61 0.57 0.58 0.56 0.53 0.58 
Median 0.60 0.61 0.57 0.58 0.56 0.53 0.58 
Std. Deviation 0.16 0.16 0.16 0.16 0.16 0.13 0.05 
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1 VIs in boldface text have adequate discrimination and are not significantly different to each other.   
2 A “-“ indicates insufficient data to perform analysis 
Table E6  Nullarbor 
Station Land 
Monitor1,2 
STVI-11,2 Red1,2 Green + 
Red1,2 
NDVI1,2 NDSVI1,2 STVI-31,2 
Arubiddy 0.78 0.74 0.78 0.78 0.76 0.80 0.79 
Balgair 0.90 0.89 0.90 0.88 0.85 0.88 0.75 
Balladonia 0.80 0.75 0.77 0.77 0.63 0.64 0.54 
Boonderoo 0.94 0.93 0.94 0.93 0.79 0.87 0.34 
Gunnadorah 0.71 0.73 0.86 0.85 0.84 0.87 0.58 
Kanandah 0.86 0.84 0.84 0.84 0.73 0.79 0.37 
Kinclaven 0.79 0.76 0.79 0.80 0.69 0.79 0.33 
Koonjarra 0.85 0.83 0.87 0.85 0.76 0.86 0.31 
Kybo 0.72 0.69 0.74 0.75 0.66 0.71 0.39 
Madura 0.82 0.69 0.78 0.79 0.47 0.64 0.38 
Moonera 0.82 0.75 0.85 0.85 0.64 0.86 0.16 
Mundrabilla 0.73 0.69 0.71 0.72 0.59 0.62 0.51 
Noondoonia 0.86 0.80 0.89 0.90 0.74 0.94 0.31 
Pondana 0.80 0.78 0.79 0.75 0.69 0.74 0.29 
Rawlinna 0.73 0.65 0.74 0.73 0.54 0.74 0.26 
Vanesk 0.85 0.82 0.83 0.83 0.74 0.76 0.37 
Virginia 0.86 0.84 0.86 0.86 0.78 0.85 0.35 
Woorlba 0.74 0.69 0.80 0.82 0.65 0.87 0.22 
Average 0.81 0.77 0.82 0.82 0.70 0.79 0.40 
Median 0.81 0.76 0.82 0.82 0.71 0.80 0.36 
Std. Deviation 0.07 0.08 0.06 0.06 0.10 0.09 0.17 
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Appendix F: Technical Guide 
i. Introduction 
Remote sensing has long been regarded as a potential means for assisting with rangeland 
condition assessments and is driven primarily by the fact that: a) acquisitions are repeatable; 
b) long time series are available; and c) large areas (e.g. entire leases) can be processed 
relatively quickly and therefore assessments can be made with ‘complete’ data.  The main 
prerequisites for using remote sensing for this task are the ability to: a) quantify levels of 
vegetative cover using imagery calibrated to ‘like-reflectances’; and b) analyse these levels 
over time to identify changes.  Anomalous changes can then be used to trigger further 
investigation.  For example, a decline in vegetative cover may be the result of overgrazing.  If 
an area is monitored at regular intervals it may be possible to intervene (e.g. recommend de-
stocking) and avoid further disturbance (e.g. wind and rain erosion).  For example, Figure F1  
shows an area declining from a state of “good” condition, to “fair” condition and finally to 
“poor” condition.  The principle aim is to identify such areas remotely before they reach the 
level of erosion shown below.  In addition to providing an early warning, the analysis of a 
time series of imagery can also assist in identifying improvements from intervention or good 
management practices. 
 
 
Figure F1 An area declining from “good” condition (1998) to “fair” condition (2003) and finally to “poor” 
condition (2009).  There has been a clear loss of perennial plants between 1998 and 2009 and the 2009 
photograph also shows clear evidence of water erosion.  Early intervention may have halted this process. 
This technical guide is divided into four exercises plus a Getting Started section for users 
with very little ArcGIS background.  The four exercises are denoted A-D in Figure F2. 
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Specifically the exercises and a description of their contents are as follows: 
a) Getting Started; 
b) Exercise 1: Stratification of Landsat imagery (See A in Figure F2); 
c) Exercise 2: Compute Vegetation Index (B in Figure F2); 
d) Exercise 3: Use spatio-temporal permutation modelling (STPM) to show changes at 
different time intervals from an initial ‘state’ relative to a benchmark (C in Figure F2); 
and 
e) Exercise 4: Show the magnitude of change in map form, by computing increasing 
linear trend, decreasing linear trend and curvature (D in Figure F2).   
A time series of Landsat imagery (and derivatives of) is supplied with this tutorial on the 
accompanying DVD. 
 
 
Figure F2 Organisation of this document for processing a time series of Landsat for assisting rangeland 
condition assessments.   
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ii. Getting Started 
Start up ArcGIS. 
1Invoke the Spatial Analyst Extension 
Firstly, make sure you’ve got the Spatial Analyst extension checked: Go to Tools>Extensions 
and check Spatial Analyst.   
2Setup your working directory 
Click the drop down arrow in the Spatial Analyst and select Options.  Under the General Tab, 
you will see “working directory”.  Point that path to where you have your datasets stored (e.g. 
C:\Technical_Guide_Data_V1\Exercise1).  Note:  You may have to create the path/folders 
first.  Any calculation you now make will go in this directory (rather than e.g. C:\Temp). 
i. Exercise 1: Stratification 
3Add your datasets 
Click on the add data button  and then click the “connect to folder” button and 
navigate to, and select, your workspace (e.g. C:\ Technical_Guide_Data_V1\Exercise1).    
Open the following files:  
 Functional_Groups_GDA_Geographic.shp; and 
 Pastoral_Leases_GDA_Geographic.shp 
4Select a Pastoral Station of interest 
On the menu bar, choose Selection, Select by Attributes.  Scroll down until you find 
“Property_N” and double click.  Next choose Get Unique Values and find Kybo Station and 
double click it.  Then press apply and OK (see Figure F3). 
 
Figure F3 Selecting a station of interest. 
Pastoral Lease Assessment using Geospatial Analysis 
64 
5Intersect Station with Functional Groups 
Open the ArcToolbox if it’s not already (click the red Toolbox icon).  Open the Analysis tree 
and then Overlay and choose the Intersect Tool.   
Fill in the dialog box as shown below (Figure F4), naming the output Kybo_fgs.shp 
 
Figure F4 Using the intersect tool to create the nested strata. 
When that completes, zoom in to the new layer and then open the attribute table (right click, 
open attribute table).  You will notice there are three new polygons, but two of them are the 
same functional group.  We can dissolve these polygons into one.  The dissolve tool is 
located in the ArcToolbox under Data Management>Generalisation. Fill it in as shown below.   
 
Figure F5 Dissolving functional groups. 
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Next, we need to project the data into meters.   
6 Project Your Nested Strata 
The Landsat data that we will be working with is in zone 51, and therefore, we will need to 
project this into the same.  You can check this by right clicking the Landsat image, choosing 
properties and the source tab.   
Open the ArcToolbox and expand Data Management Tools>Projections and 
Transformations>Feature and open the Project tool.  Fill in the dialog box as follows (Figure 
F6).  After that’s run, right click and remove all other layers.   
 
Figure F6 Projection dialog box. 
7 Examine Landsat Imagery 
We will use four Landsat images – 2004, 2006, 2008, 2010 for this exercise.   
Add the image b3_2004_z51 and kybo_fgs_dissolve_z51.  You will notice the lease extends 
further than the Landsat image.  In such a case you may need to mosaic multiple images.  
However, in this case, I have included an additional mask “kybo_mask_z51” to trim that part 
of the lease.  Add this shape file to the display and remove kybo_fgs_dissolve_z51. 
Now we need to clip out our lease from the Landsat using kybo_mask_z51.  
In the ArcToolbox expand Data Management>Raster>Raster Processing> and open the Clip 
tool and fill it in as per Figure F7.  Don’t forget to tick “Use Input Features for Clipping 
Geometry (optional) and also make sure you include the .tif on the end of the output name 
(you can’t save images in native format if the name is >13 characters).   
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Examine the output.  You need to do this for all of the layers, but I’ve done them already and 
they are located in Exercise 2.   
 
Figure F7 Dialog box for cookie-cutting the raster image. 
iii. Exercise 2: Computing Vegetation Indices 
8Compute the Land Monitor Index 
Add the images B3_2004_z51_clip and B5_2004_z51_clip to the display.  They can be found 
in the Exercise 2 folder.   
To calculate the Land Monitor Index click the Spatial Analyst and open the Raster Calculator.   
Note: When using the raster calculator, try to refrain from using the keyboard and enter as 
much as you can by using the control buttons on the calculator.  For example, in the 
following formula, the only thing you should enter with the keyboard is lmon_04=.  If you 
attempt to use the “+” on the keyboard for the addition, it will invariably fail.    If you are using 
ArcGIS 10, the raster calculator can be found in the Toolbox (Spatial Analyst Tools>Map 
Algebra).   
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Background Theory on the Land Monitor Index 
The Land Monitor Index is an inverse index.  This means low values suggest high levels of 
cover and high values represent low values of cover.  Why is this so?  If you look at the 
typical signatures of vegetation and soil over the bandwidths of Landsat (Figure F8) you will 
notice that vegetation typically has a lower spectral response than soil in both band 3 and 
band 5 (the bands that are used to compute Land Monitor).   
 
 
 
 
 
Figure F8 Typical spectral signatures of three ground covers (after Marsett et al. 2006) 
Enter the following formula (note file name LM2004 is to the left of the equals sign) and then 
click Evaluate: 
LM2004 =[B3_2004_z51_clip] + [B5_2004_z51_clip] 
Select the original two bands and click remove.   
Do the same thing again for the 2006, 2008, 2010 images.  
9Apply a Palette 
Click the greyscale palette on the land monitor layers and choose the brown to yellow to 
green to blue palette as shown below (Figure F9).  For the Land Monitor index and any other 
inverse index you choose to create you should check the invert box.   
 
 
 
 
 
Figure F9 Choosing a Colour Ramp 
Remove all of the images and move on to Exercise 3.    
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iv. Exercise 3: Computing State and Transition 
10Change your Working Directory and Output Directory 
Use the “connect to folder” button and select the Exercise 3 folder.  Then in Spatial Analyst, 
Choose options and change your output folder to Exercise 3 also.  The four land monitor 
images are available in the Exercise 3 folder.  View them.  
11Find the Benchmarks 
Double click on each Land Monitor image and choose source.  Scroll down and examine the 
mean – these are our ‘benchmarks’ or expected values for the entire station.  That is, values 
less than the mean are expected to have cover as high or higher than expected and values 
greater than the mean are expected to have lower cover than expected.  You will note that 
the means are as shown in Table F1 (see station). 
We are also interested in using nested stratification to show the differences.  Add the layer 
named kybo_mask_z51.shp to the map.  Using the Select tool, click on the largest polygon 
(functional group 19a_south_m) to highlight it.  You could use the clip tool as you did in step 
7 to clip out the four Land Monitor images for that polygon (and also for the other polygons) 
but I’ve done them for you).  Bring those eight images in (e.g. lm_year_19a, lm_year_19d) as 
well and find the mean of each of them.  You will notice that the means differ from the station 
mean under the nested stratification type for functional group 19d (for the years 2006-2010). 
They should be as shown in Table F1. 
Table F1 Means of the two functional groups (19a, 19d) within the Station boundary for the four dates of 
imagery.  Different letters represent significantly different means.   
Year Station 19a 19d 
2004 294a 295a 290a 
2006 305a 306a 296b 
2008 299a 301a 278b 
2010 310a 312a 295b 
12Reclassification of the Land Monitor Images based on the Benchmarks 
Let’s work at the station level first.  We will only use three images (2004, 2008 and 2010).   
Open up the raster calculator and enter: 
State1_stn=[lm2004] < 294 
State2_stn=[lm2008] < 299 
State3_stn=[lm2010] < 310 
 
NB:  If you are using a positive index (e.g. NDVI, STVI-3) then you must switch the “<” 
sign to “>”. 
13Compute State and Transitions 
Given two classes and three temporal data points there are eight (23) possible combinations 
(Figure F10).   
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Figure F10 The eight possible combinations from three temporal images. 
In the raster calculator enter (TIP: Copy and Paste): 
one=[state1] == 0 & [state2] == 0 & [state3] == 0 
two=([state1] == 1 & [state2] == 0 & [state3] == 0) * 2 
three=([state1] == 0 & [state2] == 1 & [state3] == 0) * 3 
four=([state1] == 1 & [state2] == 1 & [state3] == 0) * 4 
five=([state1] == 0 & [state2] == 0 & [state3] == 1) * 5 
six=([state1] == 1 & [state2] == 0 & [state3] == 1) * 6 
seven=([state1] == 0 & [state2] == 1 & [state3] == 1) * 7 
eight=([state1] == 1 & [state2] == 1 & [state3] == 1) * 8 
Now just add them together (filename s_t stands for state and transition).  Enter the following 
in the Raster Calculator: 
STPM_stn=[one] + [two] + [three] + [four] + [five] + [six] + [seven] + [eight] 
To add more meaning to the output we will recode the legend using a symbology layer.  
14 Add Symbology 
Right click on the layer STPM_stn and choose properties and click the symbology tab.  Then 
click import and choose ‘STPM_stn.lyr’ from the Exercise 3 folder.   
15 Compare to Nested Stratification Models 
In practice you will need to re-do steps 10-14 for each of the strata, using the mean of each 
of the stratum at each time frame (Table F1).  However, to save time, I have done them for 
you.  Bring the two images in (STPM_19a and STPM_19d) and apply the ‘STPM_stn.lyr’ 
symbology as above to each and compare them to the image based only on the station 
boundary.  You should notice quite a difference, particularly in the northwest (19d) and also 
greater contiguity of the pixels within each class in functional group 19a.   
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Figure F11 STPM models based on a) station level stratification and b) nested stratification.  
Note the differences.    
v. Exercise 4: Computing Trends: Slope and Curvature 
At least three temporal images are required to compute slope and curvature.  Moreover, 
these images need to be equally spaced through time.  You will notice I have selected 2004, 
2006 and 2008 and 2010, all of which are, quite obviously, two years apart.  In general, many 
more images can and perhaps should be used (depending on how far you want to go back), 
but four will suffice for demonstration purposes.  
Important: As Land Monitor is an inverse index, negative slope suggests an increase in 
cover, and positive slope a decline.  Similarly, a negative curvature suggests recent recovery 
and thus positive curvature suggests recent decline. 
16Change Your Working and Output Directories 
Clear all old files (right click remove) and bring in the three land monitor images in the 
Exercise 4 folder.  Go to Spatial Analyst, click Options and change the working directory to 
Exercise 4.   
17Compute Slope and Curvature 
In the raster calculator enter: 
SLOPE=(([lm2004] *  - 3) + ([lm2006] * -1) + ([lm2008] * 1) + ([lm2010] * 3)) / 20 * 2 
NB: The orthogonal polynomial coefficients are available in Appendix B.  
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Next enter: 
CURV=((([lm2004] * 1) + ([lm2006] *  - 1) + ([lm2008] * -1) + ([lm2010] * 1)) / 4) * 1 
Exercise 4b: Thresholding images 
We need to create three new images: increasing, decreasing and recovery using these two 
newly created rasters.  To do this, we will threshold them by standard deviation.   
18Create Increasing, Decreasing and Recovery Layers 
Areas (pixels) that are increasing over time will have a negative slope.  Those decreasing will 
have a positive slope.  Those doing nothing at all = 0.  Likewise areas that have recently 
recovered following a disturbance will have a negative curvature (e.g. an upside down 
parabolic curve).  We will extract this information from the slope and curvature layers as 
follows:  
Incr=([slope] < 0) * (abs([slope])) 
Decr=([slope] > 0) * (abs([slope])) 
Recov=([curv] < 0) * (abs([curv])) 
Background Theory of Orthogonal Polynomials 
You may wish to skip this and read it at another time.   
Slope and curvature can be computed for time series for each coincident pixel using 
orthogonal polynomial coefficients.  Note that these change depending on the number of 
images used.   
Slope: For three images we can work out the slope using the orthogonal polynomial 
vector: [-1, 0, 1], dividing by the Sum of the Squares (2) and multiplying by lambda (1).  
Appendix B lists the coefficients up to n = 12 images.   
Curvature: We can work out the curvature by using [1, -2, 1], dividing by the Sum of the 
Squares (6) and multiplying by lambda (3).   
This can be proven in Excel.  If you have the time open up slope_curve_eg.xls in the 
Exercise 4 folder where you can see I’ve just put three dummy values in under time slices 
1-3.   
Click Chart 1 and you can see I’ve graphed these values and added the linear slope and 
the quadratic.  Note that the slope is 1.5 – suggesting overall loss in this dummy pixel 
over time and the curvature is -3.5, suggesting some recent recovery.   
Recreate Slope using Orthogonal Polynomial Coefficients: In cell A3 multiply A2 by -1, in 
B3 multiply B2 by 0 and in C3 multiply C2 by 1.  In D3 sum these values, and divide by 2 
(the sum of the squares).  As lambda is 1, we don’t need to multiply it.  Note that it is 1.5 
as suggested in the chart.   
Recreate Curvature: Now use the curvature vector of orthogonal polynomial coefficients 
in the same way, sum the series, divide by 6 (Sum of the Squares) and multiply by 3 
(lambda).   You should get -3.5.   
Using this theory, let’s do it for all pixels in ArcGIS using the raster calculator.  
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NB:  If you are using a positive index (e.g. NDVI, STVI-3) then you must switch the “<” 
sign to “>” for all three calculations. 
Standardisation: 
Right click each of the images and write down their maximum values, which should be 36 
(Incr), 42 (Decr) and 38 (Recov).  
Enter the following into the raster calculator: 
Temp=Float([incr]) / 36 * 255 
Blue = Int([Temp]) 
Temp2=Float([decr]) / 42 * 255 
Red = Int([Decr])  
Temp3=Float([recov]) / 38 * 255 
Green=Int([Temp3]) 
Exercise 4c: Create RGB Composite of Trend Images 
A RGB composite puts all three images into one enabling interpretation as a whole.  We put 
decreasing in as red, increasing in as blue and recovery in as green.   
19Create the Composite 
In the ArcToolbox open Data Management>Raster>Raster Processing> and double click on 
Composite.  Enter the images one by one using the drop down box.  The first image you 
input is red, followed by green, followed by blue, so make sure you enter them in this order: 
1) Red; 
2) Green; and then 
3) Blue.   
You can keep the default name, or change it, but keep the .img extension.   
Interpreting this image requires an understanding of the RGB colour system, as shown in 
Figure F12 below.  However, let’s summarise: 
1) Red is loss over the period; 
2) Green is recent recovery (e.g. between 2006 and 2010); 
3) Blue is a gain over the period; 
4) Yellow is recent recovery but not up to original levels, i.e. loss since 2004, but 
recovering;  
5) Cyan is an overall gain and some of these gains have been recent; and 
6) Black suggests stability (although this could be low cover + stable, or high cover + 
stable). 
No other combination is possible with our images (e.g. magenta and white).  
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Figure F12 The RGB colour system. 
Exercise 4d: Compare S_T with Trend Image 
Visually compare the classes of STPM with the trend image.  Consider how they complement 
each other.  For example, we can see areas in the STPM that are still below expected (e.g. 
L|L|L), but the trend is increasing (Figure F13).   
 
Figure F13 Comparing the STPM model (a) with the trend and recovery model (b).  Both models are at the 
station level of stratification. 
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Exercise 4e: Trend Models using Nested Stratification 
As with Exercise 3, there is potential to compute the trend models using the nested strata.  
All you need to do is repeat the above steps (17–19) for each stratum.  To save time I have 
done this already.  The image names are trends_stn, trends_19a and trends_19d.  The 
greatest differences (as expected from Table F1) are in functional group 19d, as shown in 
Figure F14.  
 
Figure F14 A comparison of the trend models when stratified by a) the station boundary and b) nested 
strata (functional groups within the station boundary), clipped to the extents of functional group 19d 
within the station boundary.   
